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K 100-netnio co gHs poxpenns I.B. CamcoHoBa

MamsTu Boigatowerocs yyenoro I.B. CamcoHoBa

Huinemrnuii 2018 ron crai obu-

YUCJIEHHBIX MCCJIECIOBAHUM IO CI)I/I—

neitabM it HUTY «<MUCuC» — Ha
MPOTSKEHUU BCEro roga B yHUBEP-
CUTETE U 3a ero mpeaejamMu Mpoxo-
JWUJIM MHOTOYUMCJIEHHbIE MEpONpUsi-
Tus, nmocBsmeHHble 100-neTuo co
IHS co3gaHuss MOCKOBCKOI TOpHOI
akanemuu (MTIA), ctaBuieit npapo-
NUTEIbHULIEN 1IeCTU BTy30B: [opHO-
ro UHCTUTYTa, MHCTUTYTa 4YepHOU
MeTannypruv, MHCTUTYTa LIBETHBIX
MeTaJIoB 1 3oy10Ta, Hedrsinoro, Top-
(dsHOTO M [COIOrOpPa3BEIOYHOrO MH-
cTuTyTOB. [0BOpPS O CTOJIETHEM 100U~
see MT'A, Henb3sl He YNIOMSHYTh U

3UYECKOU XUMUM JIETI B OCHOBY TEX-
HOJIOTUHU TMojyyeHus okosio 500 Ty-
TOIJIaBKUX COCAMHEHUN B YCIIOBUSIX
MTPOMBIIIIJIEHHOTO IMTPOU3BOJCTBA.
I'.B. CaMCOHOB SIBJISIJICSI aBTOPOM
6osee 1400 HaydyHBIX pabOT, OKOJIO
50 MoHorpacdwii U CIPaBOYHUKOB.
WM ObLJIO caenaHo o4eHb MHOTO 3a
CTOJIb KOPOTKYIO (58 JIeT) KU3Hb.
TpynHo niepeolieHUTh BKJan ['pu-
ropusi BanentuHoBnya CaMcoHOBa
B pa3BUTHE OOJIACTH 3HAHHUI O TYyTO-
IUTABKUX COCTMHEHMSX W ITOPOIIKO-
BOU MeTaJulypruu. bynyuu He TOb-

0 Ipyroii 3HameHarejabHoOI gare — 100-meTuun co AHS
POXIEHHUS BBIIAIOLIETOCsS] COBETCKOI'0 yYeHOro-MaTe-
puagoBena, 3aMevYaTeIbHOTO Ilefarora 1 HacTaBHUKA
I'puropus BanentuHoBrmuya CaMCcOHOBA, YbM 3HAHUS
1 ONBIT B 00JIACTU XMMUM W MaTepUAaIOBEACHUS TY-
rOTUTaBKUX COEAUHEHWI JIETJIM B OCHOBY 1I€JIOTO Ha-
YYHOTO HampaBJIeHUS MO CO3JaHUIO0 HOBBIX KOMIIO-
3UIIMOHHBIX MaTepuaoB Ha OCHOBE TYTOIMJaBKUX
COEIMHEHU Y C 3aJJaHHBIMU CBOMCTBaAMMU.

OxoH4uB B 1940 . MOCKOBCKMT MHCTUTYT TOHKOM
XUMHWYECKON TexHojioruu, I'puropuit BareHTHHOBHY
CaMCOHOB crycTd 8§ JIET MOCTyIaeT B aCIUPAHTYPy Ha
Kadeapy peaIKuxX MeTalI0B 1 IMOPOILIKOBOM METaNyp-
r'nu MOCKOBCKOTO MHCTUTYTa LIBETHBIX METAJJIOB U
30J10Ta, I7ie o1 PyKOBOACTBOM BBIIAIOIIETOCS YYEHOTO
npod. I'A. MeepcoHa 1polies IyTh 10 JOLEeHTa, oIy~
4B OeCIicHHbIC 3HAHUS W ONBIT B 00JIaCTH ITOPOIIKO-
BOI1 METAITypruu U TYTOIJIaBKUX COEAUHEHMIA.

B 1956 1. I.B. CaMCOHOB TIpWHSIJI TIpUIJIAllIcHUE B
MHCTUTYT MeTalloKepaMUKU U CHelMaJIbHBIX CIlia-
BoB AH YCCP (B HacTosiiee BpeMst — MHCTUTYT po-
61eM matepuanoBegeHus um. M.H. ®panuesnua HAH
YKpanHBI), YTO CTAJIO BaXXHOU BEXOW B €ro XWU3HU U
HayyHoll O6uorpaduu. B KueBe oH BO3rjaBuJ OTAE
TYTOMJaBKNUX COeAUHEHUI, CO3TaHHBIN NI pa3pa-
OOTKM HOBBIX CBEPXTBEPIbIX MaTepraloB Ha OCHOBE
TYTOIJIaBKUX COCNMHEHUI IIepeXOMHBIX METaJJIOB
c OopoM, yrjaepoaoMm, a30ToM, KpeMHueM. Tak ObLIO
ITOJIOKEHO HayaJlo HOBOTO HAYYHOT'O HaIIpaBJICHUS.
B KueBckoM monuTeXxHu4ecKoM UHCTUTYTe I pruropuit
BajieHTMHOBUY pyKOBOAWJ Kadeapoll MOpPOIIKOBON
MeTaaaypruu. Pe3ynbraThl MpoBeIeHHBIX UM MHOIO-

KO BBHIJAIOIIMMCS YICHBIM W JIBUTATEJIeM HayKH, HO U
TaJaHTJIMBBIM TegaroroM, I'puropuii BaneHTHHOBUY
OecIpecTaHHO JeIWJICS 3HAHUSMHU U OIIBITOM C KOJI-
JIeTaMHW ¥ CBOMMU TTOIOIICYHBIMU. [1om pyKoBOICTBOM
I.B. CaMmcoHoBa 0bL10 TTOArOTOBJIEHO 170 KaHIMIATOB
HayK U 20 TOKTOPOB HayK.

I'B. CaMCOHOB SBASIJICS YJIE€HOM-KOPPECHOHAEH-
ToM Akagemuu HayK YCCP, ujieHOM peaakIMOHHBIX
KOJIJIETUii MHOTUX MEXIYHApOIHBIX HAyYHBIX M37a-
HU, OBLT MOYETHBIM WieHOM CepOCKOro XMMUIEeCKO-
ro obuiecTna, Briciieit TexHUYeCKOU KOkl B BeHe,
MexXIyHapOOHOTO MHCTUTYTA HAYKH O CIICKaHW U,

PesynbTaToM MHOTOJIETHEH HayYHOH HeATEIBHO-
ctu I'puropusi BaaeHTMHOBMYA CTajo 3acayKeHHOE
NpU3HAHUE CO CTOPOHBI MMPOBOIM Hay4dyHOIl oOOIle-
CTBEHHOCTHU: OH OBLJI HAarpaxIeH BBICLIEN Harpamou
MexayHapoaHoro IliaH3eeBckoro obiiecTBa Mo-
pollKoBOlt MeTannypruu, Meaanbio uMm. C.U. BaBu-
JIoBa, ABJISJICS JJaypeaToM MHoTux npeMuii (I'ocynap-
crBeHHas npemuss YCCP, npemuu um. E.O. IlaroHa,
uM. I1.T. Cobonesckoro, uM. [I.1. MeHzaeneea).

Ho moMmmo MmupoBoro mnpusHaHus [puropmii
BaneHTUHOBMY TTOJIB30BaJICS OOJBIINM YBaXXCHHEM
1 JI000BbIO CBOUX COpaTHUKOB. Komneru, npysps u
YYEHUKH BCIIOMHHAIOT O HEM KaK 00 OYeHB 3pyIupo-
BaHHOM YeJIOBEKE C MPEeKPacHbIM YyBCTBOM lOMopa U
BBICOKOI CTEIIEHbIO OTBETCTBEHHOCTHU.

Cnyctda 100 et co nHs poxaenus ['puropus Ba-
smeHTHHOBMYa CaMCOHOBa MOXHO C YBEPEHHOCTBIO
cKas3aTh, YTO B MaMSITHU JIIOAEH OH HaBCeraa OCTaHeTCs
BBIIAIOIINMCS YYEHBIM, HEYyTOMUMBIM MCClIeIoBaTe-
JIeM, 3amMeyaTresbHbIM I1e1aroroM 1 HaCTaBHUKOM.

Peakosierus xypHaiaa
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To the 100™" anniversary of G.V. Samsonov

In remembrance of the outstanding scientist, G.V. Samsonov

The National University of Science and Technology
«MISIS» is celebrating its anniversary in 2018. Many
events devoted to the centennial anniversary of found-
ing of the Moscow Mining Academy have been held
this year both in the NUST «MISIS» and outside it.
The Moscow Mining Academy was a predecessor of
six independent technical institutes: the Moscow Mining
Institute, the Institute of Ferrous Metallurgy, the In-
stitute of Non-Ferrous Metals and Gold, Moscow Oil
Institute, Moscow Peat Institute, and the Moscow Geo-
logical Prospecting Institute. When talking about the
centennial anniversary of the Moscow Mining Acade-
my, another remarkable data, the 100! anniversary of
the birth of an outstanding Soviet materials science ex-
pert and pedagogue Grigory Valentinovich Samsonov
should not go unmentioned. His knowledge and ex-
pertise in chemistry and materials science of refractory
compounds have underlain a research field focused on
designing novel composite materials based on refractory
compounds with tailored properties.

Grigory Valentinovich Samsonov graduated from the
Moscow State Institute of Fine Chemical Technologies
in 1940. Eight years later, he entered a PhD program at
the Department of Rare Metals and Powder Metallur-
gy of the Moscow Institute of Non-Ferrous Metals and
Gold. Under the supervision of a preeminent scientist,
Professor G.A. Meyerson, he gained valuable knowledge
and experience in the field of powder metallurgy and re-
fractory compounds and became an associate professor.

In 1956, Grigory Valentinovich accepted an invitation
to start working at the Institute of Metal Ceramics and
Special Alloys, Academy of Sciences of the Ukrainian So-
viet Socialist Republic (presently the Institute is known as
Institute for Problems in Materials Science n.a. [.N. Fran-
tsevich (IPMS) of National Academy of Science,
Ukraine), which has become a significant landmark in
his life and academic biography. In Kiev, he headed the
Department of Refractory Compounds, which had been
established to develop novel superhard materials based on
refractory transition-metal derivatives with boron, car-
bon, nitrogen, and silicon. That is how a new research
direction was established. Grigory Valentinovich headed
the Division of Powder Metallurgy at the Kiev Polytech-

nic Institute. The results of multiple physical chemistry
studies have underlain the technology for industrial-scale
synthesis of nearly 500 refractory compounds.

Grigory Valentinovich Samsonov was an author of
over 1,400 scholarly papers, nearly 50 monographs and
reference books. Although he lived a short life (only
58 years), Grigory Valentinovich has done much in his
sphere.

It is difficult to overestimate the contribution made
by Grigory Valentinovich Samsonov to the develop-
ment of the field of knowledge related to refractory
compounds and powder metallurgy. Being not only an
outstanding researcher and a force for science but also
a talented pedagogue, Grigory Valentinovich was tire-
lessly sharing his knowledge and experience with his
colleagues and students. Grigory Valentinovich was an
academic supervisor for 170 candidates of sciences and
20 doctors of sciences.

Grigory Valentinovich Samsonov was a correspond-
ing member of the Academy of Sciences of the Ukrainian
Soviet Socialist Republic, a member of editorial boards
of many international scientific periodical journals, an
honorary member of the Serbian Chemical Society, the
Higher Technical School in Vienna, and the Interna-
tional Institute for the Science of Sintering.

The result of the multi-year academic activity of
Grigory Valentinovich was that he has received merited
recognition from the global research community: Gri-
gory Valentinovich has earned the highest award from
the International Plansee Society for Powder Metallur-
gy and the Vavilov Medal; he has also received many
awards (the State Award of the Ukrainian Soviet So-
cialist Republic and the awards named after E.O. Paton,
P.G. Sobolevsky, and D.I. Mendeleev).

Along with international recognition, Grigory Va-
lentinovich was respected and loved by his close asso-
ciates. His colleagues, friends, and students recall him
being a very erudite and responsible person with a great
sense of humor.

Now, a century after the birth of Grigory Valenti-
novich Samsonov, it can be said with confidence that he
will always be remembered as a preeminent scientist, a
tireless researcher, and a remarkable pedagogue.

Editorial Board
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K 100-netwio co gHs poxgenns I.B. CamcoHosa
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K BOnpocy npuMeHMMOCTU KOHLeNnuun akTUBUPOBAHHOIO CMEeKaHus,
npepsioxeHHoi I'.B. CaMcoHOBbIM, NPy U3y4eHMU NpPoL,ecCoB
Aedopmaumm NOpPoLIKOBbLIX MaTepPUanos
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tOxHO-Poccuiickuii rocysapCTBEHHbIA nonuTexHudeckuii yumsepeutet (IOPTTY (HMK)) um. M.WU. Mnatosa,
r. HoBouepkacck

CeBepo-KaBka3ckas rocynapcTBeHHas rymaHuTapHo-TexHonorndeckas akagemus (CesKaslTTA), r. Yepkecck

Crarbs noctynuna B pegakumto 09.08.18 r., nognucana B neyars 13.08.18 .

MpuBogsaTca HekoTopble BocrnoMuHaHus O.IL JopodeeBa 0 coBMecTHOM paboTe M BCTpeyax C BblAALWMMCS YYEHbIM-MaTe-
puanosenom ILB. CamcoHoBbIM. Oco60e 3HavYeHne nmenn Bctpeyun B KOrocnasun, rae B. CamcoHoB n M.M. Puctmny coBMecTHO
C OPYrMMy BCEMUPHO U3BECTHBLIMU YYeHbIMU co3aann MexayHapoaHbI MHCTUTYT Hayku O cnekaHuu. B nocneanHmne roabl XXn3Hu
.B. CaMCOHOB NpeaioXunn KOHLEMNLMIO aKTUBUPOBAHUS CNekaHnsa Ao6askamMu, ABASIOLLMMUCS aKLENTOPamMu 371eKTPOHOB M BHOCS -
LIVMWN JOMOSHUTENBHYIO A0S0 MOHHOW CBA3W B MaTPUYHbIN MaTepuan. PaccmarpueaeTcs BO3MOXHOCTb MPMMEHEHUS yKa3aHHOM
KOHUenuun npu paspaboTke [O6aBOK-aKTMBATOPOB, CHUXAIOLLIMX SHEPIUI0 akTUBALMK NNacTUYeCcKkon AedopmaLmmn NopoLLKOBbIX
MaTepuanoB Ha Xene3Hon OCHOBEe. AKTMBALMS cnekaHus B npoLlecce GopMMPOBaHNSA CTabUIbHbBIX 9N1EKTPOHHbLIX KOHPUrypaLmit
MOXET OCYLLECTBNATLCS 3a CYET: 1) yCKOpeHua 3epHorpaHn4Hon retepoanddysvm marepmana MaTpuyubl B NIPUCYTCTBUN Cerpe-
raunii pasbl, cogepxalleln akTmempytowyo mmukpoaobaeky (cuctema W-Ni); 2) nHTeHCuduMKaumm ycaakm npu niacTu4eckom Te-
YeHUM YacTuL, MaTepuana MaTpuLbl, NPOTEKAHNIO KOTOPOro cnocobCcTBYET GopMUpoBaHme ouddy3noHHOM MOPUCTOCTM B HacTu-
Lax npucagku B pedynsrare npemmMyLLecTBeHHon auddy3nm aToMoB nNpmucagkm B HaCTULLbl OCHOBHOIO meTtanna (cmctemol Fe—Ni,
Fe-Co, Fe—Mn); 3) yBennieHuns koadbduumneHTa camoanddysmm aToMOB OCHOBHOIO MeTasiia 3a cHeT paclumpeHns obnactu cy-
LLeCTBOBaHMSA MeHee MI0THOYNakoBaHHOM KpUCTaNINYeckon pewweTkn (o.-¢asbl) Npy pacTBOPEHUM akTUBUPYIoLLLEen 4o6aBKn (CUC-
Tema Fe—Mo). MNpueoanTcsa aHanma nmeroLwencs nHidopmaumm, kacarwLwenca NnepcnekTms NCNoNbL30BAHUSA MapraHua u xpoma B
KayecTBe 06aBOK — aKTMBATOPOB YNIOTHEHUS. CHUXEHME 3HEPT UM aKTUBALMN YMJIOTHEHMS MOPOLLKOBBLIX MaTEPUANoB HA OCHOBE
xenesa MoxeT ObITb 06ecrneyeHo Npu BBeAeHUM [,o6aBOK MapraHua. MNpu 3ToM NepcnekTUBHO NPUMEHEHWE TexHonorum aguddy-
3MOHHOr0 HacklLeHWs. Bonpoc 06 ncnonb3oBaHnM Xpoma B Ka4eCTBE akTMBaTopa He UMeeT OAHO3HAYHOr0 OTBETA U Npeanonara-
€T He0OXOAMMOCTb AOMOJIHUTENBHOIO U3YYEHUS.
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Dorofeyev V.Yu., Sviridova A.N., Kochkarova Kh.S.
On the question of the applicability of G.V. Samsonov’s activated sintering concept in studying
the processes of powder material deformation

Some Yu.G. Dorofeev’s memoirs about joint work and meetings with outstanding materials science expert G.V. Samsonov are
given. Meetings in Yugoslavia were of particular importance where G.V. Samsonov and M.M. Risti¢ together with other world-
famous scientists created the International Institute for the Science of Sintering. In the last years of his life, G.V. Samsonov proposed
the concept of sintering activation by additives that act as electron acceptors and additionally contribute to the ionic bond in the
matrix material. The paper considers the possibility of using this concept in the development of activating additives that reduce the
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activation energy of the plastic deformation of iron-based powder materials. Sintering activation when forming stable electronic
configurations can be accomplished by: 1) accelerating the grain-boundary heterodiffusion of the matrix material in the presence
of phase segregations containing an activating microadditive (W-Ni system); 2) intensifying shrinkage during the plastic flow of
matrix material particles facilitated by diffusion porosity formed in the additive particles as a result of predominant additive atom
diffusion into base metal particles (Fe—Ni, Fe—Co, Fe—Mn systems); 3) increasing the self-diffusion coefficient of base metal atoms
due to the expanded area of a less close-packed crystal lattice (o phase) upon activating additive dissolution (Fe—Mo system).
The article reviews the information available on the prospects for using manganese and chromium as compaction activating ad-
ditives. The compaction activation energy of iron-based powder materials can be reduced by introducing manganese additives.
At the same time, the use of diffusion saturation technology is promising. The question of using chromium as an activator does not
have an unambiguous answer and suggests the need for further study.

Keywords: Samsonov G.V., activated sintering, concept, electron donors and acceptors, iron, chromium, manganese, molybdenum,
tungsten, nickel, hot pressing, deformation, porous preforms, activation energy, compaction, consolidation, diffusion, plastic flow,
oxides, microadditives.
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Mosicho no-pazromy omnocumucs Kk KOH@USYPAYUOHHOU MOOeAU 2AeKMPOHHO20 CPOeHUS,
HO He ModIcem He nopajcams Maculmad 3amulcaa — cmpeMaeHue co30ams YHUBEPCANbHYI0 MEOPUID
04151 UHMepnpemayuu U npedcKa3anus c8oLicme U CmpyKmypobl Memannos (31emMeHmos), Cniaeos u coeouHeHuil.

HemHoro nuyHoro...

U3 Bocnomunaumii 10.T. JopodeeBa
0 COBMECTHOM paboTe u BCTpeyax

c I.B. CamcoHOBbIM

Ha nucbMeHHOM cTOJe — CBEXUIl HOMEp Xyp-
Hasa «[lopolkoBasi MeTajayprusi», MOCBSIICHHbII
100-eTuio co aHg poxaeHus I'puropus BameHTuHO-
puya CamcoHoBa. C IepBBIX JIET CYIIIECTBOBAHUS 3TO-
ro xxypHaJja I.B. CaMCOHOB ObLT YJIEHOM peaKOJIeT U
¥ OJHUM M3 CAMBIX aKTUBHBIX €r0 aBTOPOB. YUCHUKH
u Kojutern I'puropusi BajneHTMHOBMYA HAIJIU Bep-
HbIE CJIOBA U 3MUTETHI, XapaKTepU3yIolllue ero BKJIamg
B COBPEMEHHOE MaTepraIoBeACHNE TYTOILIAaBKUX CO-
enuHeHUi [2, 3]. ABTOpaM HACTOSIIEro COOOIIEeHM S
MOCYaCTAMBUIIOCH CAbIIaTh pacckadbl KOpus I'pu-
ropreBuya JlopodeeBa o BCTpeyax M COBMECTHOM pa-
6ote ¢ I.B. CamcoHOBbIM. CuuTaeM yMECTHBIM MpPU-
BECTM 37IeChb HEKOTOPYIO YacTh M3 3TUX BOCIIOMMHA-
HUM, TeM 00JIee eClIN YIeCTh, YTO KHUBBIX CBUACTEIICH
CTaHOBUTCSI BCE MEHBIIIE, a MPeICTaBIeHe COOBITUI
B U3JIOKEHWU HE OT MEPBOro JMIia 3a4acTylo ITPEIIuT
HEKOTOPBIM MCKAXKCHUEM.

P.A. Anopuesckuii [1]

Bnepseie FO.I. Hopodee u I.B. CamcoHOB To-
Bcrpeuanuch B Kuese B MHcTUTYTE mpobieM MaTe-
puanoBeneHus (B Hacrtosuee BpeMss — WIIM wum.
N.H. ®panuesnya HAH Ykpaunsi) Ha pyoexe 50-x —
60-x romoB mpoiiutoro cronerus. B to Bpems 10.I. Jlo-
podeeB BMecTe ¢ Kojuleramu u3 MIIM yuacTBoBaa
B IIOATOTOBKE IocTaHOBJeHUs1 CoBeTa MUHHCTPOB
n Tocrutana YCCP 1o BHeOpeHHWIO MeTOHa TopsiYero
OpUKETUPOBAHUS METAJIMYECKOU CTPYXKHU TMOJ MO-
JIoTOoM, pa3pabotaHHoro B HoBouepkacckom MojJuTex-
HuaeckoM nHcTUTyTe (HITW). I.B. CamMcoHOB — Ha TOT
MOMEHT yX¢ BCEMHPHO M3BECTHBIN M aBTOPUTETHHIN
yYEeHBbIi — Moaaepxkaa paboThl MOJOJOTO MHXKEeHepa
n3 HoBouepkaccka — HEOOJBIIIOrO MPOBUHIIMATEHOTO
ropojiKa, 3aTepPSIHHOTO B MOHCKMUX CTEHsIX. DTy MOMI-
nepxky FO.I. Jopodees omryian BILIOTb 1O MOMEHTA
KOHYMHH ['puropms BareHTMHOBMYA M Jaxe ITOCTE...
IMosnpaBuTenbHast OTKpbITKa ¢ HoBBIM — 1976-M — ro-
nom ot I'B. CamcoHoOBa mpuiiLia yke IMocjie ero CMepTH.
IOpuii ['puropbeBrY BEICOKO IIEHWJI ITIOCICTHIOKO TTOTY-
YEHHYI0 UM IpU XU3HU Harpaay uM. [.B. CamcoHoBa,
MPUCYXKACHHYIO eMY MO pPellleHUI0 YKPauHCKOIo MaTe-
praoBemdeckoro odmectsa B ¢peBpae 2014 1.
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N3 BocnomuHanuii cynpyros FO.I. Hopodeea u
K.H. dopodeesoii':

... 1968-it rox. KonueprHbiii 3an KueBckoro moJju-
TEXHUYECKOTO MHCTUTYTa. B TopXecTBeHHON 0OCTaHOB-
ke orMevaercs S0-netue I.B. CamcoHoBa. [IpousHocsaTcs
«AeXypHBbIe» peun. HakoHel c710Bo AJ151 MO3ApaBaeHUs MTpe-
noctasisieTcss MHe. Korna s et K TpubyHe, CITbIIia Merno-
ToK: «Takoil MoJlool — yke JOKTOp HayK?». Sl mo3apaBui
CaMCcOHOBa, a B KOHIIE CKa3aJl, YTO IPUBE3 TOHCKHE CyBe-
HUPBI, KOTOPHBIE BPYYYy MOCIE TOPKECTBEHHOTO MEPOTIPH SI-
tss. CaMCOHOB C HETEepIeHUEeM OXUIaJl OKOHYAHUS 3ace-
NaHUSI, @ TOTOM MBI BCTPETUJIUCH...

... Hauano 70-x romos. Xepuer-Hosu, IOrocnaBus. Kade
Ha Gepery AnpruaTuieckoro Mopsi. 3a CTOTMKOM MBI CUAUM
BaBoeM ¢ CamcoHOBEIM. K CaMCOHOBY MTOIXOAUT MpeCcTa-
BUTEJIb KPYITHEHIIIETO 3aMaJHOTO U3/IaTeNIbCTBA C MPEIJIO-
JKEHUEM OT BJIaJIeNIblia TIPUHSTH YIacTHUe B IMeperoBopax B
Uranuu. C 3T0i1 1eblo Biagenell u3aaTeIbcTBa MpUCall
camonet. Onnako [puropuit BaneHTuHOBMY oOTKazaucs,
COCJIABIIICH Ha TO, YTO OH pa3roBapuBaet ¢ Apyrom — [o-
podeesbiM KO.I. — u aTa Gecema MMeeT IJIST HEro OONIBIIOE
3HAUYCHUE. ..

... TeMa BOIIHBI TaK UJIK WHAYE OOCYXKIaTach IIPU BCTpe-
yax. [.B. CamcoHoB roBopui: «fl BCIO BOMHY IpOIMOJ3 Ha
oproxe u He Bepio HU CUMOHOBY, HU JPYTUM IITATHBIM ITHU-
caTesM»...

... CaMcoHOB 1106us1 KueB v roBopu 0 TOM, 9YTO HUTIE
TaK He LBETYT KalITaHbI, KaK BO3JIe THEMPOBCKUX KpPYyd.
OnHako, 6ynyun B MocKBe, He pa3 TOBTOPSII: «S MOCKBHUY,
MHe 3/IeCh KaXIblif KaMellleK 3HaKOM, U MEHSI 3[IeCb MHOTHE
3HaioT. [locie Toro, Kax st ObLT B OKPY>KEHUU, MEHS JTOJITO
HE OCTaBJISUIM B MOKOE COOTBETCTBYIoLIMe opraHbl. Korma
BOAMJIM HAa IOTIPOC 31eCh, B MOCKBe, MEH ST MOTJIM y3HATh HA
yJIu1e, a 9TO OBLIO YPEBATO NOMOJIHUTEIbHBIMU TTPOGIIeMa-
MW»...

... CamMcoHOB roBopu: «boiiTech My X4YMHY HETIbIOIIIETO,
OH — 1100 KapTeXHUK, TUOO0 TI0OUTENb XXEHIIMH. 3HaeTe,
s1 B MOJIOIOCTY UTPaJl B KaPThI C ABYMSI OBIBIIMMU OeI0rBap-
neiiiamu. S 3Ha10 TaKMe UTPhI, B KOTOPBIEC ceiiyac HUKTO He
urpaet. Ho Bpems 1110, ¥ B KAKOH-TO MOMEHT 51 TIOAyMaJI:
«benorBapaeiiiel yMpyT, a g uTO Oyay nenaaTh?». M 3aHsacsa
HayKOW»...

IO.T. lopodeeB ormeuan [4]: «<BocnmomuHaHus o
BcTpeuax ¢ [puropuem BaneHTMHOBUYEM, HapsILy
C YYBCTBOM HEU3MEHHOI MPU3HATEIbHOCTU K HEMY
3a Ty I0JIb3Y, KOTOPYIO OHU IPUHECU, BCeraa Obliu
mpusSTHBL. OH OBLJT OCTPOYMHBIM COOECETHUKOM, T0-
OpoxXeJaTeIbHBIM U OT3EIBUMBLIM TOBAPUIIIEM>.

I ABropsl Beipaxator GiaromapHocts Brose FO.T. Jopo-
¢eeBa Knapnuu HukonaeBHe 3a MOMOIIb TIPU HAITMUCAHUU
Hacrogei ctatbr. OHa OblJIa YUaCTHUKOM M CBUIETEIEM
mHorux Bctpeu I[.B. CamconoBa u FO.I. [lopodeena.

IOrocnaBus, Hayaao 1970-x ronos
CneBa Hampaso: I.B. Camconos, M.M. Puctuu,
IO.T. Hopodeen

I'B. CamconoB npusnek O.I. JdopodeeBa Kk pa-
00Te MEXIYHApOIHOMN I'PYMIbI 10 U3YYEHUIO CIleKa-
HHsI, KOTOopasl BITOCICACTBUM TpaHC(HOpMHUpOBaiach
B MeXIyHapoIHBI MHCTUTYT HAayKW O CIEKaHUU
(r. benrpan, Cepbus). B yeM 3akitouanach OOLIHOCTh
HayIHBIX MHTEPECOB 3TUX yueHBIX? OCHOBHAS 4acTh
pabort I'B. CaMcoHOBa Obliia CBsI3aHAa C CUHTE30M TY-
romJjaBKux coeavHeHuii [5, 6]. MUccnemosanus FO.T. [do-
podeeBa MOCBSIIEHEI, TIIABHBIM 00pa30M, ITOPOIIKO-
BOMY MaTepuajioOBeNEHUIO Xejie3a U ero CILIaBOB.
[IpencraBnseTcs, YTO TOUKA CONPUKOCHOBEHU ST HAy Y-
HBIX MHTEPECOB YUCHBIX JiexKajia B 00J1aCTA N3YUICHUSI
ropsiYero IMPecCoBaHM I IMTOPOIIKOB MJIN TTOPUCTHIX 3a-
Tr'OTOBOK.

I'B. CaMcoHOB paccMaTpuBal Topsidee IIpecco-
BaHMWE KaK pa3HOBUIHOCTb CIIEKaHWS, aKTUBUPO-
BaHHOIO BHEIIHUM MEXaHMYECKUM BO3IEHCTBUEM.
B psime pabot Oblyia TToKa3aHa IPUMEHUMOCTh pa3pa-
OOTaHHOI UM 3JIEKTPOHHOM TEOPUU K ONMCAHUIO TIPO-
1IECCOB KOHCOJMAAIIMY MOPOIIKOBBIX MaTepuaJioB —
npeccoBaHuIoO U crieKaHuo [7, 8]. IToguepkuBaiocs,
YTO 3TU MPOIECCHl HEJIb3ST pacCMaTPUBATh pa3ebHO,
MMOCKOJIBKY OHM MPEACTaBJISIOT CO00I COCTABIISIONINE
OHOT'O CJIOXHOTO W YHHKAJIBHOTO IIpoIlecca KOHCO-
B1870i 0107078

I[Ipyn u3ydyeHUM pa3JIMYHBIX ACIEKTOB CTPYKTY-
poobpa3zoBaHUS TopsiueneOPMHUPOBAHHBIX ITOPOII-
koBbIX MarepuayioB (I'’ITTM) 1O.I. lopodeeB cTOJIK-
HYJICS C HEOOXOAMMOCThIO U3YUYEHM ST BOIIPOCOB KOH-
TaKTHOT'O B3aMMOICHCTBUS Ha MEXYACTUYHBIX II0-
BepxHOCTAX. [Ipy onmrcaHuM 3TUX IPOILECCOB OBLIO
MPEAI0XKEHO UCMOJIb30BaTh TEPMUH «MEXKIACTUUHOE
cpalnBaHME», KOTOPHIM 3aKPEIHJICS B TPyZax HOBO-
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YyepKaccKoil mKoJibl mopomkoBukoB [9]. I.B. Camco-
HOB IIPpU3BIBAJI IIEPEHTHU IIPU PACCMOTPEHUM MHOTHUX
MaTepHaJIOBETYCCKMUX BOIPOCOB, B YACTHOCTU IIpHU
W3Yy4YeHUHU CIIEKaHUS W CpalllMBaHMs, OT aTOMHOIO K
HaubOoJiee T1yOOKOMY YPOBHIO CTPYKTYpPHOII Mepap-
xuu — anekTpoHHomy [10]. OqHako 3Ta 3agava ocTa-
€TCs TI0 HacTosIIIIee BpeMsT HEBBITIOJTHEHHOI.

Ha uenecoobpa3HOCTh MCHOJL30BAHUS DJIEK-
TpoHHOU Teopuu [.B. CamcoHOBa mpum HM3ydeHUU
ITPOIECCOB MEXYAaCTUIHOTO CpallMBaHUSI M TPEHUS
aBTOpPHI yKa3biBalu paHee [11]. B ogHol u3 mocnen-
HHUX CBOMX HEONYOJMKOBAaHHBIX pabOT OH OTMedal,
YTO CXBaThIBAaHWE YaCTUIL OKCUJIOB IIPU MTPECCOBAHN U
00yC/I0BJIECHO OOMEHOM »3JeKTPOHAMU MEXAY aTo-
MaMH 3TUX 9aCTUIl. DTOT OOMEH TeM MHTEHCUBHEE,
YyeM MeHbIIe JIOKaJu3amusl BaJeHTHBIX 2JIEKTPOHOB
y OCTOBOB aTOMOB KMCJIOPOJa U OKCUA000pa3ylolie-
ro 3JIEMEHTA, T.e., B KOHEUHOM CYETe, YeM OOJIbIIe
JIOJIsT MOHHOM CBsA3M B okcujae. C 3TUX Xe MO3UIM
I'B. CaMcoHOBBIM ObIJIa MpeAaoXKeHa KOHLETIUS aK-
TUBUPOBAHUS CIIEKAHUS NOOABKAMMU, SIBJISTIOIIUMUCS
axKIenTopaMu 3JeKTPOHOB U BHOCSIIIUMU JTOTIOJTHH-
TEJAbHYIO JOJII0 MOHHOM CBSI3M B MAaTPUYHBIM MaTe-
puan [12].

M B mepBble, U B TOCJEIYIOIIME TIOCIE CMEPTHU
I'puropus BaneHTHMHOBUYA TOOBl MHTEPEC YUCHBIX K
TeMe aKTUBHUPOBAHHOTO CIIEKaHUS He cHUxXaJcs. [1o-
Ka3aTeJIbHO B 3TOM ILJIaHE ellle OJHO BOCTIOMUHAHUeE
IO.T". Jopodeena:

... B 1984-M rogy npoxonuiia ouepeaHasi KoHbepeHI s
no cnekaHuto B KOrociasuu. YTpomM Mbl MOILINA BMECTE C
H0.JI. Kpacyaunbim Ha mope kynarbes. [lormnaBanu. Kpa-
CYJIMH MHeE TOBOPUT: «Bbl 3HaeTe, s1 BCIO HOUb 1yMaJl O TOM,
YTO TaKOe aKTUBMPOBaHHOE criekaHue. S Hamena OTBeT.
41 Bam pacckaxy 3a 3aBTpakoM». OMHAKO KOT/Ia MBI TIPUIILIIA
U CeJIV 3a CTOJINK 3aBTpakaTh, Cepreit Cepreesuu Kumnapu-
COB (KOTOpBIii ObLJI O4eHb HabIoAaTeIbHBIM) cripocui Kpa-
cynuHa: «4Yto ¢ T060ii? Tel u3MeHusICs B tuiie!». DTo OBLITIO
HavaJio cepbe3Hoi 6one3Hu KpacynmHa, OT KOTOpOii OH He
OTPaBUJICS.... A pa3roBOp Ha TIJISIXKe TI0 TTIOBOAY aKTUBUPO-
BaHHOTO CIIEKaHU S IPOOJIKEHU ST HE UMEJT...

ABTOpaM TIpeaCTaBIISIETCA 1IEJIeCOO0pa3HbIM pac-
CMOTpPETh BO3MOXHOCTH IPUMEHEHHS KOHICITIINHI
akTuBMpoBaHHOro crnekaHus I.B. CamcoHoBa K mo-
HNCKY MT00aBOK, CHUXAIOIMIMX 3HEPIUI0 aKTUBAIIUK
niactuyeckoil necdopmanmu. [IpaBoMepHOCTb TAKOTO
MoAX0Ja OIpenesisieTCsl YIIOMSHYTOI BhIlE OOIIHO-
CTBIO ITPOIIECCOB TOPSIYET0 IPECCOBAHMS 1 CIIEKaHUSI.
DHeprus aKTUBAIMY MPoliecca yCaaKy TP CIIeKaHU T
M 2HEprusl akTUBallMM ropsueit necdopmanuu 6Ju3-
KM K 3HEPIuM aKTUBauu camMoardGy3uud OCHOBHO-

o KOMIIOHEHTa MaTPUIIbl, TOCKOJBKY 3TU TPOIECCHI
KOHTPOJUPYIOTCS MEXaHW3MOM BBICOKOTEMIIepaTyp-
HoIi mo3ydectu [13, 14].

Ucnonb3oBaHue Teopuu co3aaHus
CTaOMNbHBIX 3NEKTPOHHBIX KOHPUrypaumii
npu BbiOOpe A00aBOK, yNy4LIAIOLWMUX
AedopMUpyemMoCcTb NOPOLUKOBbIX
Martepuanos

B mociegaMe Toapl HaOMIOMACTCS pOCT KOJTUIECTBA
HCCIIeNOBAHUM, MOCBSAIIIEHHBIX U3YYEHU IO BOBMOXHO-
CTU MPUMEHEHMS XpoMa M MapraHiia B KayecTBe Jie-
TUPYIOIINX 3JIEMEHTOB ITOPOIIKOBBIX cTaieit [15, 16].
DTO CBSI3aHO C BBICOKOW CTOMMOCTBIO TPaaWIIMOHHO
HCIIOJIb3YEMBIX JIETUPYIOIIUX 3JEMEHTOB MOPOIIKO-
BeIX cTajieit — Ni, Mo, Cu. Kpome Toro, ¢ 01.06.2007 r.
BBelleH B neiicTBue permameHT EBpocoroza Ne 1907.2006
(REACH), koTtophwiii orpaHMYMBaeT ITpPUMEHEHUE
KaHIIEpOT¢HHOT0 HUKEIS B IOPOIIKOBBIX M3ICIHIX
[17]. XpoM u MapraHell paccMaTpuBalOTCS Kak Tep-
CMEKTHBHAs aJbTepHaTHBa HUKETI0, OMHAKO 3TH 3Je-
MEHTBHI 00pa3yioT TPYIHOBOCCTAHOBHUMBIC OKCHIHI,
YTO OrpaHUYMBAET 00JIaCTh MX UCTIOJB30BAaHUS U Ha-
KJIaJIbIBa€T 0COObIe TpeOOBaHMS K KadyeCTBY 3aIllUT-
Hoit aTMocdephl Tipu criekaHuu. [Ipy U3roToBIeHUN
TSIKEJIOHATPYKEHHBIX JAeTajieil IBUTATENsI, B 4aCTHO-
CTHU CKOOBI KJIallaHa, peKOMEHIYeTCS IPUMEHSITh Ba-
KYYMHOE CIICKaHMe 3aTOTOBOK Ha OCHOBE JIETHUPOBaH-
HBIX XPOMOM 3KeJIE3HBIX TOPOIIKOB C MOCJIeAyIoniei
LIeMeHTaIlMeil TpY HU3KOM JaBJICHUM CMECHU alleTUIe-
Ha u a3oTa [15].

IToMuMoO OKMCIEHUST TIpU CHEKaHWUM MapraHell-
colepXallliX MOPOIIKOBBIX 3aTOTOBOK BO3MOXHa CY-
onuManms Mapradna. C IeIpl0 YCUJICHUS BIMSHUS
cyOoMMMaIMU Ha MPOIEeCcC CIeKaHUs W JITUPOBaHUS
MapraHell cJieafyeT BBOAMTH B HAMBBICIIE KOHIIEH-
Tpauuu (Wid B yuctoM Buae) [18]. B sTom ciydae
HaJ CBOOOMHOW MOBEPXHOCTHIO CIIEKaeMoro odpasiia
MPOUCXOIUT B3aUMOACHCTBUE BBIICISIONINXCS TTapOB
MapraHIila ¥ KHCJIOpoaa 3alllMTHON cpenbl. s cHu-
JKEHU S MOTepbh MapraHila peKOMEHIYeTCsI TIpU CIieKa-
HUUY IPUMEHSITh 3alllMTHBIE CPellbl C HEBBICOKON CTe-
MeHbI0 ouncTKu [19].

TeHneHIIMsT pacIIMpeHUs] HOMEHKJIATypbl H37e-
JIN#, BBIIYCKAEMBbIX C MCIOJb30BAaHMEM TEXHOJOTUU
IMOPOIIKOBOM METAJLTY PTUH, OOYCIOBIIMBACT aKTyallb-
HOCTb pa3paboTKU MPOLIECCOB MOJTYYEHU S BBICOKOJIE-
TUPOBAHHBIX cTaJieit (B YaCTHOCTHU, OBICTPOPEKYIINUX),
KOTOpEIE OTHOCSTCS K KJIAacCy TpyaHOIehOpMHUpPYE-
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Mbix [20]. M3roToBieHMe W 3KCILTyaTalluMs OeTajiei
U3 TaKMX CTaJIel COIMPSIXKEHBI C pPUCKOM 00pa30BaHU s
tpemnH [21]. M3moxeHHBbIe BbIlIE OOCTOSITEIHCTBA
CBUJAETEJIbCTBYIOT O HEOOXOAUMOCTU pa3paboTKu 3¢h-
(hbeKTUBHBIX METOIOB MOBBIIICHUS HehOPMUPYEMO-
CTH TIOPOIIKOBBIX MaTePUAIOB. YKa3aHHas IpoodiieMa
MMeeT BaxKHOE CaMOCTOSITeJIbHOE 3HAaYeHME, XOTS B
HEKOTOPBIX acCTeKTaX MIPUMBIKAET K ITpoOIeMe MexXJa-
CTUYHOTO CpallBaHMI.

PazButuem uneit I'B. CamcoHoBa siBuiach paboTa
P.M. T'epmana, B KoTOpoii Oblyia IpeaoxkeHa KoJanude-
CTBeHHas Teopusl IMU(PPYy3MOHHO aKTUBUPOBAHHOTO
crnekaHus [22]. UckaouuB U3 paccMoTpeHus 3¢ dek-
ThI aKTMBALIMU CIIEKAaHUS, CBSI3aHHBIC C M3MEIbYCHU -
€M YacTHUIl, OCHOBHO¢ BHUMAaHHNE aBTOP YACIUJI SIB-
JIECHUSIM, CBSI3aHHBIM C M3MEHEHUEM TTOBEPXHOCTHBIX
CBOICTB, MOAUGUILIMPOBAHUEM TPAaHUI] 3€PEH, a TaK-
XKe ¢ obecreyeHUEeM OENCTBUSI CKPBITHIX (ITOTEHIIHU-
aJIbHBIX) MEXaHU3MOB MaccoIllepeHoca.

ITo mHeHuI0 aBTOpa [22], yCKOpEeHUE Maccolepe-
HOCa 3a CYeT YBEJIMYCHUS 3epHOTpAaHUIHON ITuddy-
3UM TIPY BBEACHUUM MOAMMPUIIMPYIONIUX T00AaBOK SIB-
JISIeTCS TJIaBHBIM MEXaHU3MOM aKTUBAIlMU CIICKAHMSI.
B xauecTBe mprMepa pacCMOTPEH XOPOIIO U3y YCHHBIH
Ha TOT MOMEHT 3P eKT aKTUBAIMU CITIEKaHUS BOJIb-
¢pama mpu BBeaeHUU HUKeA [7]. B aToM ciiyyae ume-
€T MeCTO IpeuMyIIecTBeHHas1 1uddy3us Boabdpama
B HUKEJIb, UTO U SIBJISIETCSI OMHOM M3 INIABHBIX TIpe-
MOCBUIOK aKTUBAIlMU CIIEKaHUS. YIJIOTHEHHUE aKTH-
BUPYETCSI B pe3yJIbTaTe YCKOPEHUS 3€pHOTPAHUUIHOU
rerepoaudy3nu Bojb(ppama 3a cyeT MPUCYTCTBUS
cerperanuii ¢assl, odborameHHoi HuKenaeM. J1is obe-
CIICYeHU S ONITUMAJILHOM yCaaKH HUKEIb JOJKEH BBO-
IUThCS B KauecTBe MUKpomobaBku(~0,1 mac.%), ko-
TOPYIO0 HEOOXOAMMO OCaIUTh Ha YacTHUIAX IOpOIIKa
OCHOBHI B BUI¢ MOHOCJIOS.

M3 o060011eHus] 3KCHEepUMEHTAJNbHBIX U Teope-
TUYECKMX AAHHBIX C(OpMyIUpOBaHO TpeOOBaHMHE O
HEOOXOOMMOCTU Pa3INIUs CTPYKTYP 3JICKTPOHHBIX
000JI09eK MaTepraioB OCHOBBI U aKTUBUPYIOLIEH 10-
6aBku. B kayecTBe BTOpOTro TpeOOBaHUS OTMEYaeTCs
HEOOXOOMMOCTD pPa3Indus TeMIIepaTyp IIJIaBJICHUS
aKTUBaTOpa M MaTepuaia OCHOBBI. C 3TUX MO3UIINI B
KadecTBe MePCHeKTUBDI MPeAoKeHbl cucTeMbl Fe—P,
Fe—Sn, Be—Al, Cu—Sn u Hf—Pt.

OnHako aBTOp [22] MCKIIOYUI U3 PAaCCMOTPEHUS
BO3MOXHOCTb aKTMBAlIMM CIIEKAHMS 3a CUET ILIaCTH-
YEeCKOro TeYeHHUSI MPU MUTPALIMM BaKaHCUM B MpPO-
1ecce pacTBOpeHUs M00aBKU. MexXay TeMm B cllyyae
MpeuMyleCTBEeHHOM nu¢y3un aTOMOB IIPUCAIKU B
YacTUIIBI OCHOBHOI'O MeTaJlla M 00pa30BaHUS BCIEI-

cTBUE 3TOro AP ¢y3MOHHON MOPUCTOCTU B YaCTUIIAX
IIPUCANKH CIeAYeT OXMUIATh MHTCHCU(PUKAIINHN ycal-
KW MMEHHO 3a CYeT IJIacTu4ecKoro teyeHus [23, 24].
XOpoIIUM MOATBEPXKACHUEM 3TOMY MOJOXEHUIO SIB-
nsiotes cucteMbl Fe—Ni u Fe—Co. OgHako Mapra-
Hell TOPMO3UT YCaAKYy XKeJie3a, HECMOTPSI Ha TO YTO OH
SIBJISIETCS] aKLIETITOPOM 3JIEKTPOHOB I10 OTHOIIIEHHUIO K
Kellesy U obiagaeT elne 0oyiee HU3KOM TEIJIOTOM MC-
THapeHUs], 9YeM HUKeJIb. ABTOPHI CBSI3BIBAIOT 3TO C IIJIO-
X0 BOCCTAaHOBUMOCTbBIO OKCUJIOB MapraHiia, KOTOpbIe
NpPensATCTBYIOT Auddy3un, NeUcTBYS KaK MeXaHUYe-
ckue nmpumecu. KpoMe Toro, TopMo3ssiiee BIAUSHUE
OKa3bIBaeT yInpouyHeHue (eppurta npu nuddoy3uu B
HeTo MapraHia.

I[puBeneHHble (DaKTHI CBUAECTEIBCTBYIOT O TOM,
yto peanusanus koHuenuuu I.B. CaMmcoHoBa noapa-
3yMeBaeT HEOOXOMMMOCTh BHITIOJTHEHHSI HEKOTOPBIX
JIOTIOTHUTENbHBIX yesioBuii. B cucteme Fe—Mn Heo6-
XOIUMO MUHUMU3UPOBATH BIUSHUE ITPOLIECCOB OKUC-
neHns. CiemyeT OrpaHMYHUTH YIIpOUHEHME (eppuTa
mapraHiem. C 9Tol 11eJIbI0 MOXET ObITh UCTIOJIb30BaH
paspaboTtaHHblii B 1960—1970-¢ roabl B MHCTUTYTE
IIpo0JieM MaTepHalioBeneHUs mpolecc nuddy3noH-
HOTO HACHIIIEHU S XeJIE3HOTO MOPOoIIKa MapraHiieMm (a
TaKXe XpOMOM) U3 cocTaBa OKCUA0B [25]. 3amaBas ma-
paMeTpHI ITpoliecca, MOXHO KOHTPOJIMPOBATh CTEIICHb
HaCBIIIEH ST YaCTHII XKeJie3a.

HMHTepecHO B 3TOl CBSI3M OTMETUTh, UTO 3aBUCH-
MOCTbB ITPECCYEMOCTH XKeJIe30MapraHIIeBBIX ITOPOIIKOB
OT cofepXaHWs MapraHlla HOCUT HEMOHOTOHHBIN
xapakTep. IIpeccyeMOCTh IOPOIIKOB, COAepXKaIllUX
4 mac.% Mn, Bblllle IIPECCYEMOCTH UCXOIHOTO XeJle3-
HOTo TopomKa [26]. ABTOp 0OBSICHSIET 3TO BOCCTa-
HOBJIEHHEM OKCHIOB XeJie3a B IPOLecCe HAChIIEHHU .
Ycanka kejne30MapraHIEBBEIX IIPECCOBOK B 3aBHUCH-
MOCTH OT COJIep>KaHUSI MapraHIlla TaKXXe U3MEHSIeTCS
HEMOHOTOHHO: MaKCMMaJjbHasl ycaika HaOJwomaeTcs
npu 14,5 mac.% Mn. C GoJbluoii A0Jeil BEPOSITHO-
CTH MOXHO IIPEAIION0XUTh, YTO B ONBITax [26] ObLIN
obecrnieyeHbl YCJAOBUS IJIs peaju3alliy KOHIENIIMU
CO3JaHWs CTAOMIIBHBIX 3JEKTPOHHBIX KOH(UTYypa-
nuii. [IpencraBisgeTcs MepPCIeKTUBHEIM ITPOIOIKUTH
COOTBETCTBYIOIIIME HWCCJIENOBAaHUS, HalpaBJCHHbIE,
B YaCTHOCTHU, Ha CHUXXCHUE SHEPIUM aKTUBAIIUU TO-
psueit nepopmanmu. [1py 3TOM Hanwuue MapraHia
B COCTaBe€ MaTepualia MOXET BBIMOJHATh (PYHKIIMIO
VIIY4IIeHU S 1e(OPMUPYEMOCTH, a TaAK3Ke TOBHIIIICHU S
YCTOMYMBOCTH MEPEOXJIAXKICHHOTO ayCTeHUTA.

Lenecoobpa3HOCTh MPOBEACHUSI aHAJIOTMYHBIX
HCCIeNOBaHUI TIpUMeHUTeNbHO K cucreme Fe—Cr
BBI3bIBaeT coMHeHU 1. Kak v xene3o0, xpoM nmeet 4 op-
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OUTAIIN U3 TISITH C OMHUM 3JICKTPOHOM C HeCHapeHHBIM
cnuHOM. B ornuume oT kenesza msTasi opoUTaab He
3anosHeHa. [1pu mepexone omHOTo 3JeKTpPOHA KeJje-
3a Ha He3alloJHEHHYI0 OpOUTalb XpOMa TOCTUTAETCS
MaKCHMaJjbHasl IIOTHOCTh 3d-COCTOSIHUI ¢ HECKOM-
MEHCUPOBAHHBIMU CITMHAMM BJIEKTPOHOB. DTO 00¢-
CIIeYMBAET YBETUICHUE CUJT CBSI3HM «METaIJI—METaI»
3a CUET YCUJICHMSI PE30HAHCHO-KOBAJICHTHON COCTaB-
Jstioneii [27]. B coorBercTBuu ¢ KoHueueil I.B. Cam-
COHOBa J00aBKa XpoMa K XKeJjie3y JOJIKHa CHUXATh
9HEPTUI0 aKTMBAIlMM YIUIOTHEHUS IIOZOOHO TOMY,
KaK 3TO MUMeET MECTO IIpU TopsideM IIpeCCOBAaHHUH
TYTOIIABKUX COCIMHEHM I, B KOTOPHEIX ITpeobiiagaeT
JIOJS1 KOBaJICHTHON XMMUYECKOU CBsI3U. B yacTHO-
ctu, B paborax M.C. KoBanpueHKO ObLJIO TIOKa3a-
HO, YTO HEPTUM aKTUBALIMU TOPSUIETO YIIJIOTHEHUS
KapOuma HUPKOHUS U Kapbuaa 6opa coctaBiasior 1,7
u 2,95 5B, 4TO, COOTBETCTBEHHO, B 2—3 pa3a HUXeE
SHEPTUU aKTUBALIMU caMOIu(Gy3Ur B 3TUX COCIU-
HeHusx [28].

OngHako MMEIOIMMUIICI SKCIIEpMMEHTAaIbHBIN Ma-
TepuaJ He ITOATBEPXIAeT BO3MOXHOCTb CHUXKEHUS
9HEPruu aKTUBAILlMM YIIJIOTHEHU S XKejie3a IIPU BBEe-
HUU XpoMa. [lombITKa OOBSICHEHUS IIPUYNH TLIOXOM
nedopmupyeMocTu koMmro3unuii Fe—Cr MoxeT ObITh
NpeanpuHsITa ¢ MO3ULMI KOH(PUTYpPALIMOHHON MOJe-
JIV CTPOCHM S BEIIECTBA: IIPOLIECC PEKPUCTATIN3AIINH,
KOTOpBIM B 3HAYUTEJBLHOW CTEIIEHU OMpPEAEsIET CIOo-
COOHOCTh MaTepualia K MJacTUYEeCKOu nedopmalinu,
3aKJII0YaeTCs B YBEJIMUCHUU CTEIICHW CTAOMIU3aIINK
3JIEKTPOHOB B pe3yIbTaTe 3JICKTPOHHOTO OOMeHa, 4TO
00yCJIOBJIMBAET NU3MEHEHUE OTHOIIEHU ST KOHIIEHTpa-
AU OeJIOKaJTM30BaHHBIX U JIOKAJTN30BaHHBIX DJICKT-
POHOB B CTaOMJIBHBEIX 3JICKTPOHHBIX KOHPUTYpalu-
ax [29]. [Inactuueckas nedopmalivsi, BeI3bIBalomIast
MOBBIIIICHUE TUIOTHOCTU OHMCIOKAIIUM, MPUBOIUT K
YMEHBIICHUIO CTEIICHM JIOKAIN3alluu 3JIEKTPOHOB B
CTAaOUIBHBIX 3JIEKTPOHHBIX KOHDUTYpALIUSIX, POCTY
KOHIICHTpAIlMM ACI0KAJIN30BAHHBIX 3JIEKTPOHOB W
pacIIMpeHunio crnekTpa KoHdurypanuii. I[lostomy
3HaYeHU s 3PPEKTUBHON SHEPTUM aKTUBALIUU COOU-
paTenbHON peKPUCTATIN3AINKN MaTeprajoB ¢ 00Ib-
IIEeH JIoKaJIn3allued BaJICHTHBIX 3JIEKTPOHOB OKa3bl-
BaroTcs BbilIe. CTeneHb JIOKaJanu3aluu 3JIeKTPOHOB
B CTaGMIBHBIX d°-KOHGUTIYPALMSIX XpoMa 1 Kele3a
MpU TeMIepaType PEKPUCTAIM3ALUU COCTABIISIET
CcOOTBEeTCTBeHHO 73 1 46 %. CnenoBarenbHO, PU A0-
0aBJCHMH K 3KeJIe3y XPOM IOJIKEeH 3aTPYIHSITH IIPO-
TeKaHWe PEKPHUCTAIM3AlUN W IIJIaCTHYECKON Ie-
dopMaLuu.

Tem He MeHee ClIeoyeT OTMETUTh, YTO II0 CBOEMY

KPUCTATIJIMYECKOMY CTPOECHUIO, TIOTOOHOMY O-XKeJe3y,
XpPOM JIOJIXK€H OBITh TIACTUYHBIM MeTaaoM. B dep-
PUTHEBIX CTAJISIX XPOM KaK (DeppuUTOOOpa3YIOIIHIA 3JIe-
MEHT CITOCOOCTBYET MOBBIIICHUIO CKOPOCTU PEKPHC-
TaJJU3AlU U CHUXEHUIO COIPOTUBIIEHUS Aeopma-
uuu [30].

CrenyeT oOpaTUTh BHUMaHME €Ille Ha OMHO 00CTO-
SITENIbCTBO, CBSI3aHHOE C Cy>KEHUEM Y-00J1acTH XKeje3a
IIpU JICTHPOBAHUM XPOMOM. AHAJIOTUUHOE SIBJICHUE
HaOJIromaeTcss U Npy JISTUPOBAaHUM MOJHMOIEHOM, KO-
TOPBIIl 3aMBIKAET Yy-00JacTh MPU colepXaHUuu 2,5—
3,5 %. B xonue 1990-x rogoB ¢pupma «Mannesmann»
(T'epMaHMST) BBIITYCTHIIA HA PHIHOK PaCIBIJICHHBIN HU3-
KOJIETUPOBAHHBIM 3KeJIe3HbIH Mmopomok MSP3.5 Mo,
comepxkaiuuii 3,5 mac.% monubaeHa. CriekaHue Marte-
puaJla Ha OCHOBE 3TOTO MOPOIIKa OCYIIECTBISETCS B
o-dasze, UTO obecIieurBaeT CYIIECTBEHHYIO aKTHBa-
nuio ycanku. [IpumunHa 3aKiro9aeTcs B TOM, 4TO Ca-
monudysus xee3a B o-¢aze NpoTeKaeT MIPUMEPHO
B 100 pa3 6bicTpee, ueM B y-aze [31]. MoxHo nipeano-
JIOXUTH BO3MOXHOCTh peaiM3alliy ITogo0HOro 3¢-
dekra B cucteme Fe—Crnipu conepxanuu 12,8 mac.%
Cr. OgHako mHpoOpMalLdsI O COOTBETCTBYIOIIUX MC-
CIIeIOBaHUSIX B IUTepaType oTCyTcTBYeT. MccmemoBa-
HUSI CTIEKaHU S ¥ TOPSTIETO YIIJIOTHEHU S TTOPOITKOBEIX
XpoOMcoIepKallux MaTepualioB, KaK IpaBUJIO, MPO-
BOIMJINCHh C WCIOJb30BaHUEM IBYX- MJIN TPEXKOM-
MOHEHTHBIX JUraTyp (peppoxpom, KapOuabl XpomMa
M Jp.), YTO OOYCIOBIMBAET HEKOPPEKTHOCTh OLICHOK,
CBSI3aHHBIX C BBISIBJICHHEM OCOOCHHOCTEN BIIMSI-
HHs XpoMa Ha IpoTeKaHWe YKa3aHHBIX ITPOIIECCOB
[32, 33].

OueBUIHO, UYTO P CIIEKAHUYM KOMITO3UIIN Fe—
Cr npeBajupyeT neicTBue MHBIX (aKTOpPOB. JHaye-
HUS TEIUIOTHI CyOJMMalMM Xejle3a U XpoMma OJIM3KU
u coctaBiaioT 350 n 338 kJI3k/MOJIb COOTBETCTBEHHO,
YTO CBOIMT K MUHUMYMY MPEATIOCHUTKH (hOPMUPOBa-
Hug nuddysnonHoit mopuctoctu [34]. Kpome Toro,
TeMIepaTypa ILUIaBJICHHS XpoMa BEIIIIE, YeM Y XKeJe3a.
B cooTBeTCTBUY ¢ TpUBEICHHBIMY BBIIIIE ITPEACTABIIC-
HUSIMU 00 aKTUBHMPOBAHHOM CIIEKaHUM TeMIlepaTypa
MJaBJeHUs aKTUBUPYOLIEH n00aBKU HOJXHA ObIThH
CYIIECTBEHHO HUKE IO CPaBHEHUIO C MAaTEPUAJIOM Ma-
Tpuus [22, 35].

W3noxeHHBIE BHIIIE COOOpaKeHWs CBUIETEIb-
CTBYIOT O TOM, YTO BOITPOC, KacalolIuics BO3MOX-
HOCTHM CHMXEHUS dHEPruu aKTUBAIIMU YILIOTHEHUS
komno3unuii Fe—Cr, kpaiiHe CIOXHBI M HEOTHO-
3HAUYHBIA. B 3TOI CBSI3M CienyeT BCIIOMHUTH O TOM,
4YTO JII000€ pelIeTOUYHOE CBOMCTBO SBJSIETCS CA0XKHOMN
¢GyHKIMEH o MEHBIIIEH Mepe 5 mapaMeTpoB — THIIA
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CTPYKTYPBI, KOOPAWHAIIMOHHOTO YMCJia OJvKaiiiie-
o OKPYXEHHUSI, SHEPTUM MEXaTOMHOIO B3auMMOJEii-
CTBUSI, 3aCEJICHHOCTU Pa3JMYHBIX OpOMTajied, IIaB-
HOT'0 KBAaHTOBOTO YKcJia opouTaei [36].

3akaHuMBas 3Ty B YeM-TO He 6€CCIOPHYIO CTaThlO,
clleAyeT OTMETHTh, UTO IIPOINEIIINE IOC/Ie CMEPTHU
I'B. CamcoHoBa [AecSITUJIETUSI XapaKTepu3OBaJUCh
HECHMXAaIoIIMMCS MHTepecoM K ero pabdotam. Ilpo-
JOJIKAIOTCSI MCCIIENOBaHMS, HaIlpaBJICHHBIC Ha IIO-
HCK CBSI3M 3JICKTPOHHOTO CTPOEHUS CO CBOMCTBAMU
MatepuaioB [37—39]. B 3akiioueHue XOTeJOCh OBl
IIPUBECTU CJIOBA BBIJAIONIECIOCS CEpOCKOro YYEeHO-
ro-nopoinkosuka M.M. Puctuya, cTosIBILIETr0 BMeCTe
¢ I'puropuem BajleHTUHOBHUYEM Y UICTOKOB POXICHU S
MexXnyHapOOZHOTO WHCTUTYTa HAyKU O CIICKaHUU:
«IToucku I'.B. CaMCOHOBBIM CYLIIHOCTH ITpoliecca crie-
KaHHUS — 3TO €ro He3aBepIIeHHBIN TpyH, KOTOPBIU
BIMCHIBACT €Ille OAHY IVIaBy B KHUTY IIpuponbl. Hayd-
Hoe Hacnenue I.B. CamcoHoBa — 3T0 KJ1104 K TOHUMa-
HUIO JIOTUKHU IIPOIECCOB, 0€3 KOTOPOr0 HEMBICIMMO
JajbHelIIee pa3BUTUE TEXHOJIOTUY MaTepruaios» [10].

BbiBOAbI

1. AKTuBauLus crieKaHus B Ipolecce popMUupoBa-
HUS CTaOMJIbHBIX 3JEKTPOHHBIX KOHDUrypamuii Mo-
KET OCYIIECTBIISITHCS 3a CUCT:

— YCKOpEHUST 3epHOTpaHMYHOU reTeponuddy-
3UM MaTepuaja MaTPUILIbl B IPUCYTCTBUM Cerperanui
daspl, comepkalneil aKTUBUPYIOIIYI0 MUKPOIO0ABKY
(cuctema W—Ni);

— MHTeHCU(DUKALIUU yCaaKu MPHU MJIaCTUUYECKOM
TeUYCHUUM YacTUIl MaTepHhajia MaTPUIILI, IIPOTEKAHUIO
KOTOPOTO CIOCOOCTBYeT (popMupoBaHue AU Hy3noH-
HOI MOPUCTOCTHU B YaCTUILIAX NIPUCATKHU B pe3yabTaTe
IIPeUMYIIeCTBeHHOM T y3nn aTOMOB IPUCAIKH B
YacTUIbl OCHOBHOTO MeTaJiia (cuctembl Fe—Ni, Fe—
Co, Fe—Mn);

— yBenuueHust Koadduuunenta camoauddysumn
aTOMOB OCHOBHOTO MeTaJlJla 3a CUeT pacIiIupeHus 00-
JIACTU CYIIECTBOBAaHMSI MeHee ILIOTHOYIIaKOBaHHOM
KPHUCTaJUTNIECKO perieTKu (0i-pa3pl) IpHu pacTBOpe-
HUM aKTUBUpYyloniei no6asku (cucteMa Fe—Mo).

2. CHUXEHUE BSHEpPruy akTUBALUMU YIJOTHEHUS
ITOPOIIKOBBIX MaTepHaJiOB Ha OCHOBE Kejie3a MOXET
OBITh 00ECMEeYeHO NMPU BBEACHUM JOOABOK MapraHiia.
IIpu >TOM MepcreKTUBHO NPUMEHEHUE TEXHOJOIMU
11 Gy3MoHHOTO HachleHus1. Bonpoc 06 ucnoyib3o-
BaHUM XpOMa B KavyecTBe aKTMBAaTOpa He MMEET Ofl-
HO3HAYHOTO OTBETA U MPEANOoJaracT He0OXOAUMOCTD
JIOTIOJTHUTEIBHOTO U3YUCHU .
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The combination of alloying elements in the form of a masteralloy (MA) powder gives the possibility to protect oxygen-sensitive
elements against oxidation and to promote the formation of a liquid phase that enhances the sintering mechanisms. As compared
to the prealloying approach, the MA route has lower impact on compressibility and provides more flexibility in the selection of the
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sintered steels containing cost-effective Fe—Mn-Si masteralloys are processed at increasing temperatures in the range between
1120 and 1300 °C. The combination with different base powders provides a good overview of the properties that can be obtained
with this alloying approach. Besides, the evaluation of microstructure and mechanical properties as a function of temperature
allow understanding the real benefits of increasing the sintering temperature, in order to find an appropriate balance between the

economic requirements and the material performance.
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Introduction

Powder metallurgy (PM) steels are typically pro-
duced by mixing a plain iron (or prealloyed iron base)
powder with graphite, further alloying elements being
introduced by admixing or bonding elemental alloying
particles (typically Cu, Ni and Mo) or — more rarely —
masteralloys (MA), i.e. a powder that contains all of
the alloying elements combined (Fig. 1). While the use
of prealloyed powders provides homogeneous micro-
structures, the admixed approaches (i.e. powder mixes,
diffusion bonded and masteralloys in Fig. 1) give the

Izvestiya vuzov. Poroshkovaya metallurgiya i funktsional'nye pokrytiya = 4 = 2018

possibility of obtaining microstructures with defined
heterogeneity that may offer combinations of mechani-
cal properties not attainable by any other production
route.

Growing usage of PM steels in the automotive sector
has nowadays caused increasingly demanding require-
ments to provide 1) high cost effectiveness compared to
competing technologies, 2) high level of material per-
formance and 3) very close dimensional tolerances. The
advances needed to simultaneously achieve these three
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Fig. 1. Alloy variants for sintered steels

a — prealloyed; b — powder mixture; ¢ — diffusion bonded; d — masteralloy

requirements can be made by finding alloying alterna-
tives that combine lower production costs with a higher
level of properties. Moreover, the search for alloying al-
ternatives is also motivated by the high price volatility of
the traditional alloying elements (Cu, Ni and Mo), the
recycling problems resulting from the use of Cu and the
fact that fine Ni powders have recently been classified as
carcinogenic.

The investigation of new alloying alternatives not on-
ly concerns the use of new alloying elements, but also the
more efficient usage of alloying elements oriented to ob-
tain the so called «lean steels» (steels with a minimized
content of alloying elements that maintains or even im-
proves the properties of conventional sintered steels).

The use of cheaper and more efficient alloying ele-
ments such as Cr, Mn and Si (which are widely used in
the production of wrought steel parts) is limited by their
high affinity for oxygen (higher than that of the tradi-
tional Cu, Ni and Mo). The way to minimize oxidation
during sintering is to introduce such oxygen-sensitive
elements combined (i.e. alloyed) with other elements
with a lower affinity for oxygen (for instance Fe). In such
way, the oxygen affinity of the powder particles can be
significantly lowered [1, 2]. There are two main routes
to achieve this: by using prealloyed iron powders or by
admixing masteralloy particles (instead of elemental Cr,
Mn or Si powders) to the iron base powder.

Compared to prealloying, the master alloy route pre-
sents clear advantages such as the possibility to maintain
the compressibility of the base powder, more flexibility
in the selection of the final composition of the steel and
the potential reduction of the overall cost (prealloyed
powders are among the most expensive grades in the
market). But maybe the most interesting advantage of
using masteralloys is the possibility to specifically tai-
lor the composition of the masteralloy to promote the
formation of a liquid phase that enhances the sintering
process. This latter characteristic is an important advan-

tage as compared with the addition of alloying elements
by admixing elemental powder particles (e.g. mixes with
Ni or Mo powders), because the liquid phase not only
accelerates the diffusion of the elements, thus improving
the alloying efficiency, but also strengthens the sintering
contacts, both effects strongly improving the properties.

The development of masteralloys for PM steels has
been a topic of research since the early 70’s. At that
time, some very interesting masteralloys named MCM
(Mn—Cr—Mo), MVM (Mn—V—Mo) and MM (Mn—
Mo) were thoroughly studied for almost two decades
with the aim of using them in the production of highly
loaded PM parts [2—4]. However, the idea was eventu-
ally abandoned in the 90’s for two reasons: 1) the need of
high sintering temperatures (around 1280 °C) to dissolve
the carbide phases present in the masteralloy particles,
and 2) the excessive tool wear caused by the very hard
and angular MA powder particles (at that time produced
by casting and then milling the ingots). Since then, dif-
ferent masteralloy compositions have been developed
pursuing the introduction of oxygen-sensitive elements
[2—6], or the formation of a liquid phase [7—10], or
both aspects at the same time [11—22] (see schematic in
Fig. 2). But the main boost of this research area did not
occur until the end of the 90’s, when two main parallel
developments were available: On one hand, the use of in-
ert gas atomization as a production method that allowed
obtaining increasingly fine MA powder particles with
rounded morphologies that minimize the damage to the
compacting tool. And on the other hand, the use of com-
putational tools to systematically search compositions
with adequate melting points below the usual sintering
temperatures [23, 24].

During the last few years, important advances in the
MA field have provided relevant knowledge that may
contribute to position the use of masteralloys as a versa-
tile tool for producing cost-effective PM materials with
improved performance:

16

W3ecTus By308. [TopoLLKoBas METanayprvs U QyHKUMOHATbHBIE NOKPbITUS = 4 = 2018



TE'U/JMH Y MpoLecchl YOPMOBEHNS Y CIIEKEHNS MOPOLLIKOBbIX MATEPNE/I0B

Fig. 2. Outstanding developments in the field of MA. Solid boxes represent compositions exclusively developed
for introducing oxidation sensitive elements, dotted boxes to compositions aimed to form a liquid phase,

and dashed boxes to both of them

— The detailed study of the chemical processes that
take place when sintering steels containing masteralloys
[25—27].

— The implementation of a scientific methodology
that allows designing liquid phases with special features
[28—30].

— The development of a new atomization techni-
que — <«Ultra High Pressure Water Atomization
(UHPWA)» that allows obtaining MA powders with
rounded morphologies, low oxygen contents (<1 %) and
small particle sizes (dso < 8 mm), at rather low produc-
tion costs [31].

The study of the chemical processes taking place dur-
ing sintering has shown that even in highly pure atmos-
pheres, oxidation of the oxygen-sensitive elements may
occur, the main source of oxygen being the Fe powder
particles themselves and not the atmosphere [25—27].
The mechanism by which such oxidation processes take
place is an oxygen transference («internal gettering»),
that can take place within an individual powder particle
(asis the case of prealloyed powders), or between the iron
base powder and the alloying elements (in case of pow-
der mixes). In case of powder mixes, the reduction pro-

ducts from the carbothermal reduction of the less stable
Fe oxides (CO and/or CO,) immediately react with the
oxygen-sensitive alloying elements nearby, and the oxy-
gen is simply transferred to the oxygen-sensitive powder
particles (Fig. 3, a). The use of masteralloys considera-
bly lowers the risk of oxidation as compared to elemental
powders The benefits of using a masteralloy powder in-
stead of elemental alloying powders are clearly observed
when sintering at intermediate temperatures of the
heating stage (temperatures within the «critical range»
for oxygen-transference). As an example, Fig. 3 shows
the fracture surface of steels with elemental additions
of Mn (Fe + 0.5C + 4Mn in Fig. 3, b) versus additions
of masteralloy (Fe + 0.5C + 4MA: Fe—40Mn—17Si in
Fig. 3, ¢). Mn evaporation and subsequent oxidation on
the surface of the contiguous Fe base particles contrib-
utes to the formation of an oxide network that reduces the
(unnotched) Charpy impact energy to 3 J/cm2 as com-
pared to that of steels containing masteralloy (16 J/cmz)
in which the oxygen transference is minimized.
Furthermore, probably one of the most interest-
ing benefits of using masteralloys is the fact that their
composition can be specifically designed to promote the
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10 Equilibrium ratio, P(CO)/a,
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Temperature, °C
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(a) Schema of the internal getter mechanism (AE stands for Alloy Element)

(b) Fe—0.5C—4Mn

(¢) Fe—0.5C—4MA (Fe—40Mn—17Si)

Fig. 3. «Internal getter» effect in compacts prepared from mixed powders — oxygen transfer through the gas phase

a — Schema of the process

Fracture surfaces of steels sintered at 900 °C in Ar with compositions: Fe + 0.5C + 4Mn ()
and Fe + 0.5C + 4MA (MA: Fe—40Mn—17Si) (¢), sintered 30 min at 900 °C in Ar 99.999 %

formation of a liquid phase that enhances the distribu-
tion of alloying elements and accelerates the sintering
processes [20, 28—30, 32—34]. Here, the use of mas-
teralloys offers a singular chance, as their compositions
can also be specifically tailored to form a liquid phase
with defined characteristics (Fig. 4). For instance, mas-
teralloys forming liquids with low infiltration capacity
(so called non-infiltrating) give rise to heterogeneous
microstructures comparable to those obtained with dif-
fusion bonded powders, with the peculiarity of present-
ing — in a single powder particle — a combination of
different alloying elements. On the other hand, homo-
geneous microstructures can be obtained when using
infiltrating liquids (Cu-like). If compared with preal-

loyed powders (which also provide homogeneous micro-
structures) infiltrating masteralloys offer the advantage
of preserving the compressibility of the base powder
and giving more flexibility in the selection of the final
steel composition. But most importantly, a masteralloy
forming an infiltrating liquid can be used to homogene-
ously distribute alloying elements that otherwise would
require unrealistic sintering times/temperatures. As an
example, a Cu-based masteralloy can be used to take
advantage from the ability of Cu to penetrate inter-par-
ticle contacts and grain boundaries. Thus, Cu acts as a
vehicle to distribute other alloying elements with a low
diffusion rate in Fe (e.g. Ni) within the grain boun-
daries of the base iron powder, where the diffusion dis-
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Fig. 4. Combination of thermodynamic calculations and macroscopic experiments to determine relevant characteristics
of the liquid-solid interaction that affect the behavior during sintering

tances needed to achieve microstructural homogeneity
are smaller. Either with infiltrating or non-infiltrating
liquids, the masteralloy approach always offers the pos-
sibility to introduce several alloying elements simultane-
ously and thus take advantage of the synergistic effects
of combining alloying elements instead of introducing
them individually.

Achieving sufficient homogenization in the distri-
bution of alloying elements when using non-infiltrating
master alloys can be a complicated issue, particularly if
low sintering temperatures are used (which are industrial-
ly more attractive). Here the use of masteralloy with small
particle sizes is very helpful. However, the standard gas ato-
mization process often yields particle size distributions
centered at ~50+100 pum while for many applications
the particle size needed to ensure a proper distribution
of alloying elements during sintering is below ~25 pm.
In the last years, a newly developed atomization tech-
nique — «Ultra High Pressure Water Atomization»
(UHPWA) — has allowed obtaining MA powders with
rounded morphologies, low oxygen contents (< 0.1 %)
and small particle sizes (d5y < 8 pm), at rather low pro-
duction costs [31]. Such small particle sizes might be
able to provide a sufficient enhancement of the diffusion
of alloying elements even at low sintering temperatures.

This work presents an overview on the properties
that can be achieved when using these newly developed
UHPWA masteralloys, considering their combination
with different base powders, and analyzing the effect of
the sintering temperature on the evolution of their mi-
crostructure and properties.

Experimental procedure

Sintered steels were produced from mixes containing
Base Powder + 4 wt.% MA + 0.5 wt.% C using the start-
ing materials described in Table 1. Masteralloy (MA)
powders were produced by «Ultra High Pressure Water
Atomization» (UHPWA). This utilizes water pressures of
60—200 MPa and operates with induction melted batch-
es of molten alloy, atomization being followed by dewa-
tering and vacuum drying. As can be observed in Table 1,
the oxygen values obtained are fairly low, and the MA
powder particles present rather narrow particle size dis-
tributions and rounded morphologies. Melting range of
the masteralloy was determined through Differential
Thermal Analysis (DTA) studies in Ar, carried out with
a high-performance modular Simultaneous Thermal
Analyzer Netzsch STA 449 C.

Mixes were pressed at 600 MPa in a double action
press using die wall lubrication. Standard tensile test
(ISO 2740) and impact test bars (ISO 5754) were pro-
duced for this study. Green parts were sintered in a lab
scale SiC rod heated furnace with gas-tight superalloy
retort. Sintering was carried out in N,—5H, atmosphere
for 30 min at varying temperatures (1120 °C, 1180 °C,
1220 °C, 1250 °C and 1300 °C). The gas flow was in-
troduced from the furnace outlet and the samples were
progressively pushed to the maximum temperature
zone. After sintering, the samples were pushed into a
water-jacketed exit zone and cooled under the same pro-
tective atmosphere. This procedure is used to simulate
the process in an industrial belt furnace. The heating
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Table 1. Summary of the materials used in this study

Base powders

Water atomized plain Fe powder (grade ASC 100.29, Hogands AB Sweden) O < 0.08 wt.%, C < 0.01 wt.%

Water atomized Fe—0.85Mo prealloyed powder (grade Ast85Mo, Hoganis AB Sweden), O < 0.07 wt.%,
C<0.01 wt.%

Water atomized Fe—1.8Cr prealloyed powder (grade AstCrA, Hoganis AB Sweden), O < 0.15 wt. %,
C<0.01wt.%

Water atomized Fe—3Cr—0.5Mo prealloyed powder (grade AstCrM, Hogands AB Sweden), O < 0.15 wt.%,
C<0.01 wt.%

Graphite Natural graphite (grade UF4, Kropfmiihl)
Ultra High Pressure Water Atomized (UHPWA)
Nominal composition: Fe—42Mn—6Si—0.4C (in wt.%)
MA

dyy~ 2.3 um, dsy ~ 6.7 pm, dgy ~ 16 um (Sieved below 16 pm),
O0~0.1wt.%,C~4wt.%
Melting range (DTA): 1120—1200 °C

rate obtained using this procedure is estimated at around
30 K/min (0.5 °/s). The linearized cooling rate is about
45 K/min (~0.75 K/s). Oxygen and carbon contents were
analysed using LECO-TC400 and LECO-CS230. Im-
pact energy, apparent hardness and tensile properties
were measured following standard procedures defined
in ISO 5754:2017, ISO 4498:2010 and ISO 6892-1:2016,
respectively.

Effect of masteralloys
on compressibility

One of the potential advantages of using masteral-
loys is the possibility to preserve the compressibility of

the base powder. The effect of masteralloy addition to
different base powders can be observed in Fig. 5-left,

Density, g/cm3

7.2 - [ Base powder
] @ +4 % MA
7.1- - B +6 % MA
7.0 4
6.9 4
6.8 T
Fe Fe—-0.85Mo Fe-1.8Cr Fe-3Cr-0.5Mo

where the green densities of different powder mixes
are summarized (all mixes contain 0.5%C,ymina))- The
compressibility of the base powders decreases as the
amount of alloying elements prealloyed increases (Fe >
> Fe—0.85Mo > Fe—1.8Cr > Fe—3Cr—0.5Mo), and
for a certain base powder the green density decreas-
es when increasing the masteralloy content. In order
to evaluate the differences between different alloy-
ing approaches the green densities are represented in
Fig. 5-right as a function of the amount of alloying
elements introduced in the steel. For a similar total
amount of alloying elements, the masteralloy approach
or the «hybrid» (combination of prealloyed powder and
masteralloy) provide in all cases green densities signi-
ficantly higher than those achievable through the fully
prealloyed route.

Green density, g/cm3

7.2 O Plain Fe ® Prealloy
K A Masteralloy X Hybrid
7.1 .
PA—Fe-0.85Mo  Plain Fe + 4AMA
[ A
- “PA_Fe_0.85Mo + AMA Plain Fe + 6MA
—Fe—0. + *
e ° %A *PA Fe 0.85Mo + 4MA
7.0 PA-Fe 1.8Cr X
® “PA-Fe-1.8Cr + 4MA
. o X
PA-Fe-3Cr-0.5Mo %
"PA-Fe-1.8Cr + 6MA
6 . 9 T T T T
0 1 2 3 4 5

Amount of alloying elements, %

Fig. 5. Green density of steel compacts containing different combinations of base powders and masteralloy additions
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Effect of masteralloys
on steel hardenability

The microstructure of the base powders sintered at
1250 °C — without masteralloy addition — are present-

(a) Fe—0.5C

0:0.01 %, C:0.32 %, HV10: 128

(c) Fe—0.85 Mo—0.5C

0:0.01 %, C: 0.35 %, HV10: 156

(e) Fe—1.8Cr—0.5C

0:0.02 %, C:0.30 %, HV10: 141

ed in Fig. 6-left. Microstructures consisting of ferrite/
pearlite are obtained both with Fe and Fe—1.8Cr base
powders. The amount of pearlite in the latter is higher
due to the shifting of the eutectoid to lower carbon con-
tents with the addition of prealloyed Cr. The base powder

(b) Fe—0.5C—4MA

0:0.03 %, C:0.33 %, HV10: 173, AE: 1,9 %

(d) Fe—0.85Mo—0.5C—4MA

0:0.02 %, C: 0.32 %, HV10: 250, AE: 2,8 %

() Fe—1.8Cr—0.5C—4MA

0:0.03 %, C: 0.33 %, HV10: 310, AE: 3,7 %

Fig. 6. Microstructure, oxygen/carbon contents and apparent hardness of steels sintered at 1250 °C,

with and without MA additions (cooling rate ~0.75 °C/s)
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prealloyed with 0.85 Mo presents bainitic microstruc-
tures. None of the prealloyed powder grades presented
in Fig. 6-left have sufficient hardenability to form mar-
tensite at the cooling rates applied here.

The microstructures of steels containing 4 wt.%
additions of MA are presented in Fig. 6-right. Small
additions (4 wt.%) of MA to a plain Fe base powder
provides bainitic areas surrounding the pearlitic/ferrit-
ic microstructures present in the core of the iron base
powders. In case of Fe—0.85 prealloyed powders, very
significant effects are observed with the addition of 4 %
MA, which provides microstructures consisting of small
upper bainite cores surrounded by areas of lower bainite
and martensite with considerably higher microhardness.
Thus, the addition of MA provides an increase of the
apparent hardness to 250 HVI10 (from 156 HVI10 in the
Fe—0.85Mo base powder), for similar final (combined)
carbon contents (~0.35 % C). But the most significant
increase in apparent hardness is observed when using
Fe—1.8Cr prealloyed powder. With 4 wt.% additions of
MA the microstructure changes from pearlite/ferrite
to lower bainite cores surrounded by broad martensitic
areas, which give an apparent hardness of ~310 HV10 in
the as sintered condition.

Fig. 7 shows a summary of the properties (HVI10 vs
Impact energy) of different materials processed at 1120 °C
and 1250 °C in the as sintered condition. The mate-

Apparent hardness, HV10

rials can be divided in two groups depending on the total
amount of alloying elements added to the steel (with-
out considering carbon). The group with the lower to-
tal amount of alloying elements (<2 wt.%) contains the
prealloyed grades Fe—0.85Mo and Fe—1.8Cr, as well as
the steels produced by combining plain Fe base powder
with 4 wt.% MA. The data highlighted in the box (HST)
correspond to the samples sintered at 1250 °C, while
the rest of the data corresponds to the sintering runs at
1120 °C. For the group with the lower total amount of
alloying elements (<2 wt.%), the masteralloy approach
seems to provide better (or at least similar) combinations
of properties (HV10 vs Impact energy) than the pre-
alloyed approaches. This holds both for the sintering
runs at 1120 °C and at 1250 °C.

The group with the higher total amount of alloying
elements (~3+4 wt.%) shows considerably higher ap-
parent hardness values. This group contains the preal-
loyed grade Fe—3Cr—0.5Mo, as well as the «hybrid»
combinations which consist of prealloyed powders with
small contents of alloying elements (Fe—0.85Mo and
Fe—1.8Cr) mixed with small additions of masteralloy
(4 wt.%). For a similar total amount of alloying elements,
the «hybrid» approaches seem to provide the most ad-
vantageous combinations of properties at both sintering
temperatures. Using the hybrid combinations, apparent
hardness values around 250—350 HVI10 are obtained in

350
@ Prealloyed ~3:49% AE
A Masteralloy | em—mm——me
X Hybrid-MA -7 S~
300+ -7 HST 'PA-Fe-1.8Cr+4MA
_-- /
_-="" "PA-Fe-0.85Mo + 4MA R
- -
750 "“PA—Fe—1.8Cr + 4MA *PA-Fe—0.85Mo + 4MA 7
4, P
/ X PA—Fe-3Cr—0.5Mo Jtas
. PAFe3Cr05Mo ____-- -
2004  TTToe-- e
~2%AE
—————————————— HST  PlainFe +4MA A~ ~~~_
150 - ///,/” A Plain Fe + 4MA ) ,‘
‘ @ PA-Fe 085Mo  PA-Fe-0.85Mo PA-Fe-1.8Cr@_--
\ -
- @ PAFelS8Cr -
s PARelsCe et HST
100 T T T T T
0 10 20 30 40 50

Impact energy, Jem’

Fig. 7. Apparent hardness vs. Impact energy of steels alloyed through different routes

Plain MA approach: Fe + 4MA, Prealloyed approach: PA—Fe—1,8Cr or PA—Fe—3Cr—0,5Mo, Hybrid approach: PA—Fe—1,8Cr + 4MA
and PA—Fe—0,5Mo + 4MA. Samples highlighted in a box and marked as HST were sintered at 1250 °C, the rest of the data correspond

to the samples sintered at 1120 °C
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the as sintered condition for steels with final carbon con-
tents around 0.30—0.35 %.

Effect of sintering temperature
on microstructure and properties
of steels containing masteralloys

It is well known that high sintering temperatures
provide a significant increase in the mechanical perfor-
mance of low alloy sintered steels, particularly for those
containing elements such as Cr, Mn and Si, with a high
affinity for oxygen (both in prealloyed and masteralloy
approaches). However, such high temperatures are often
less attractive for industrial production. In the particular
case of masteralloys, the differences in properties can be
attributed to various phenomena: enhanced reduction of
oxides at high temperature, changes in the morphology
of the pores, improved dissolution of masteralloy parti-
cles and thus better distribution of alloying elements, etc.
In order to study the effect of the sintering temperature
on the microstructure and properties of the steel, sam-
ples containing Fe—1.8Cr + 0.5C + 4MA were sintered
at increasing temperatures in the range between 1120
and 1300 °C. Fig. 8 shows the evolution of the micro-
structure with temperature. The low magnification im-
ages (left column) give an idea of the distribution of the
different phases, and the higher magnification images
(on the right) show in more detail the phases present. Af-
ter sintering at 1120 °C the core of the base powder par-
ticles present pearlitic microstructures, while the more
highly alloyed areas exhibit mainly martensitic (and also
some bainitic) areas. A significant amount of less al-
loyed pearlite areas (darker) are observed when sintering
at 1120 °C. By increasing the sintering temperature to
1180 °C, the better distribution of the alloying elements
is evidenced by the bainitic cores (instead of pearlitic),
and especially by the considerably broader martensitic
areas. As the sintering temperature increases, the size
and amount of the bainitic areas decreases (due to the
enhanced diffusion of alloying elements), and the poro-
sity becomes smaller and more rounded.

The amount of oxygen after sintering at 1120 °C and
1180 °C is approximately that of the starting powder mix,
which suggests that hardly any removal of oxygen from
the sample has taken place. Most likely only a trans-
formation of the oxides carried on the starting powders
(mainly Fe oxides) into more stable ones (Cr, Mn, Si
containing oxides) occurred, as described in [26, 27].
A marked decrease of the oxygen content is observed
after sintering at 1220 °C (~0.03 % O at 1220 °C. vs
~0.16 % O at 1120 °C), which indicates that at this tem-

perature a significant reduction of the oxides is achiev-
able under the sintering conditions used. The carbon
content decreases at temperatures above 1220 °C, which
corresponds to the consumption of carbon required for
the reduction of the oxides. However, a significant de-
carburization is observed when sintering at 1300 °C that
cannot be attributed exclusively to the reduction of ox-
ides, but is most likely related to the conditions in the
furnace during these runs, decarburization through re-
action of C with H,O to form CO + H, generally being
promoted by higher temperatures.

Fig. 9 shows a summary of the mechanical properties
obtained with steels sintered at different temperatures.
Considering the relatively low amount of alloying ele-
ments used (~3.7 wt.%), these steels present excellent
mechanical properties even at the lowest sintering tem-
perature. For sintering at 1120 °C apparent hardness
~292 HV10 and UTS ~ 896 MPa are combined with an
impact energy ~13 J/cm? and elongation ~1 %, for steels
in the as-sintered condition. These properties are equi-
valent or even superior to those obtained under similar
processing conditions using commercial alternatives
based of diffusion alloyed grades which contain almost
double the amount of more expensive alloying elements
(Cu, Ni, Mo).

By increasing the sintering temperature to 1180 °C a
significant improvement in apparent hardness and UTS
values is observed, which is in agreement with the hard-
er and more homogeneous microstructures observed in
these steels. The better distribution of the alloying ele-
ments observed at this temperature is most likely caused
by the formation of significant amounts of liquid phase
by melting of the MA particles (with a melting range
~1120+1200 °C). This suggests that a redesign of the
MA composition to form a liquid phase at lower tem-
peratures might help to obtain even better properties in
sintering runs at 1120 °C. Such improvement in proper-
ties is actually observed in apparent hardness and UTS,
while elongation and impact energies are very similar at
1120 °C and 1180 °C.

When increasing the sintering temperature to (and
above) 1220 °C, UTS and apparent hardness show a
slight increase, but the most significant effect on pro-
perties is observed in the elongation and impact ener-
gy values. Apart from the positive effect of the porosity
rounding at high temperatures, the improvement in duc-
tile properties observed when sintering at 1220 °C (and
above) is most likely related with the more effective re-
moval of oxides observed at these temperatures.

The very competitive properties observed at low sin-
tering temperatures (1120 °C) are mainly a consequence
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1120°C

0:0.161 %, C: 0.497 %, N: 0.05 %, HV10: 292
1180 °C

0:0.153 %, C: 0.492 %, N: 0.05 %, HV10: 338
1220 °C

0:0.033 %, C: 0.43 %, N: 0.05 %, HV10: 351
1250 °C

0:0.021 %, C: 0.426 %, N: 0.05 %, HV10: 362
1300 °C

0:0.020 %, C: 0.36 %, N: 0.05 %, HV10: 363

Fig. 8. Microstructure of steels Fe-1.8Cr+0.5C+4MA pressed at 600 M Pa and sintered for 30 min in N,—5H,
at different temperatures (cooling rate ~0.75 °C/s)
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Fig. 9. Mechanical properties at different sintering temperatures

of the very positive effect of the alloying elements used on
the hardenability of the material, which allows obtaining
high values of hardness and tensile strength. Very reason-
able elongations and impact energies are also observed at
this temperature regardless of the high oxygen content.
This is most likely due to the fact that the oxides still pre-
sent are not anymore found as an homogeneous layer that
covers the base powder particles, but as particulate ox-
ides on the sintering contacts [35—37]. This means that,
even if the oxygen content is not reduced when sintering
at 1120 °C, the oxides do not inhibit diffusion, allowing
the formation of sintering contacts between particles. By
increasing the sintering temperature above 1220 °C it is
possible to promote the reduction of these more stable
oxides, which plays a very important role in improving the
quality of the sintering contacts. Thus, both the impact
energy and the elongation are significantly improved at
this temperature, which shows that the full potential of
these materials is only obtained at the high sintering tem-
peratures required for the reduction of the oxides.

Summary and conclusions

The new developments in the study of liquid phase
designs and chemical reactions, together with the ad-

vances made in atomization processes, open a complete-
ly new frame of possibilities for the commercial applica-
tion of masteralloys.

Particularly the use of Ultra High Pressure Water
Atomized (UHPWA) masteralloy powders provides the
possibility of significantly increasing the hardenability
of commercial steel powders at very low alloying cost
and with more flexibility to select the final composition
of the steel (as compared with the fully prealloyed ap-
proach).

The <«hybrid alloying approach» presented in this
paper (combination of an Fe—1.8Cr prealloyed base
powder with 4 wt.% of an Fe—42Mn—6Si—0.4C mas-
teralloy) can be used to obtain materials with excellent
mechanical properties in the as-sintered condition, even
when using low sintering temperatures. As-sintered
samples processed at 1120 °C achieved apparent hard-
ness ~292 HV10 and UTS ~ 896 MPa combined with
impact energies ~13 J/cm2 and ~1 % elongation.

Increasing the sintering temperature provides bet-
ter homogenization of the alloying elements. Already
sintering at 1180 °C gives microstructures consisting of
bainitic cores surrounded by broad martensitic areas.
The better homogenization of the alloying elements ob-
tained using only a slightly higher sintering tempera-

Izvestiya vuzov. Poroshkovaya metallurgiya i funktsional'nye pokrytiya = 4 = 2018

29



K 100-netwio co gHs poxgenns I.B. CamcoHosa

ture (1180 °C) improves the apparent hardness and UTS
values (=338 HV10 and ~1041 MPa respectively), for
similar impact energies and elongations: (~16 J/cm? and
~1.2 %). Sintering at 1220 °C provides also a significant
improvement in elongation and impact energy most
likely due to the enhanced reduction of the oxygen con-
tent (~0.03 % O at 1220 °C, vs ~0.16 % O at 1120 °C).
The oxygen-sensitive alloying elements present both in
the base powder (Cr) and in the master alloy (Mn and
Si) form stable oxides that require high sintering tem-
peratures to be reduced. For the specific combination
of base powder and masteralloy used in this study, the
sintering conditions 1220 °C and N,—5H, atmosphere
seem to be sufficient to ensure a significant reduction
of the oxides. This enhances the quality of the sintering
contacts, thus providing better impact energy and elon-
gation values (~26 J/cm? and 1.94 %) but only slightly
higher apparent hardness and UTS (~351 HVI10 and
~1094 MPa).

A proper design of the masteralloy composition and
its interaction with the base powder could help to ob-
tain materials with high hardness and UTS values even
when sintering at 1120 °C (by providing a sufficiently
good homogenization of the alloying elements at low
temperature). However, the formation of strong sinter-
ing contacts requires a proper removal of oxides that, in
systems containing elements such as Cr, Mn and Si, can
only be achieved at higher temperatures. In this sense,
thermoanalytical techniques are a good tool to identify
the exact temperature ranges needed for obtaining a sig-
nificant reduction of oxides for a certain combination of
base powder and masteralloy. The full potential of these
materials can only be achieved by sintering at a tempe-
rature sufficiently high to promote reduction also of the
more stable oxides.
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Introduction

Sintering, one of the oldest human technology,
has been developed and utilized since the prehisto-
ric era with firing of potteries. Systematic studies in
this field, however, started only from the 1940’s [1—3].
A remarkable body of scientific knowledge has since
been accumulated and tremendous technical deve-
lopments have been achieved. Sintering is a key tech-
nique for fabricating numerous novel materials and
components, and an important technology in modern
industry.

Recently, in a centennial feature article of the Jour-
nal of the American Ceramic Society, technological
as well as fundamental developments in sintering were
reviewed and future research directions and areas were
suggested [4]. This note summarizes the suggested fu-
ture research challenges of solid-state sintering in com-
memoration of the centennial birth of the late Professor
Grigorii Valentinovich Samsonov.

Challenges in sintering research

1. Modeling and simulation of sintering

Modeling and simulation have been key subjects of
sintering since early scientific studies to understand sin-
tering fundamentals and sintering phenomena. In ad-
dition modeling and simulations have been essential in
predicting the effect of process variables on sintering ki-
netics and microstructure development. This aspect has
been critical in technologically implementing sintering
as a controlled and predictable manufacturing process.
With respect to the scale they treat, studies in this area
can be categorized into two groups, mesoscale (the level
of particles, grains, and pores) and macroscale (continu-
um scale, the level of components) studies.

Many of the mesoscale modeling and simulations
on densification have been for simple and ideal systems
with no grain growth, for example, two-particle systems
and regularly packed mono-sized systems [5—8]. They
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provide a good physical basis of observed sintering phe-
nomena. These systems assume that the grain bounda-
ry and the surface are a perfect atom source and sink,
where the kinetics is linearly proportional to the driv-
ing force. Recent investigations, however, show that
this assumption is valid only for systems with rough
(atomically disordered) interfaces. For even partially
faceted (atomically ordered) systems, the kinetics can
be nonlinear with respect to the driving force (see sec-
tion 2). Modelling and simulation studies that take into
account the effect of the interface structure should be
carried out to better understand the sintering pheno-
mena in real systems.

Another issue in the mesoscale modeling and simu-
lation studies is that the systems they consider are far
from real systems, where particles have a given size dis-
tribution and grain growth takes place during densi-
fication. Although there have been analyses on micro-
structural evolution during sintering, they are for ideal
systems with regularly spaced pores and simple pore/
boundary interactions [9—12]. Studies should take in-
to account particle size distribution and packing, pore/
grain structure, and microstructural evolution in order
to be realistic.

Macroscale modeling and simulation studies are
based on continuum mechanics. They can predict the
macroscopic sintering behavior of powder compacts
fairly well and are utilized in optimizing the manufac-
turing of components, in particular those with com-
plex shapes, multi-materials and multi-layered systems
[13—18]. There is, however, need for improving the
predictability of densification in connection with mi-
crostructure and microstructural evolution, and also
with the interface structure. With advances in simula-
tion capability, the shape change of the compact can
be better predicted and its damage and fracture can
be well controlled. The usability and predictability of
simulation will further be improved through integrated
studies with experiments.

2. Interface structure
and microstructural evolution during sintering

Recent investigations show the critical effects of
the interface structure, either rounded (atomically
disordered) or faceted (straight, atomically ordered),
on densification and grain growth [19, 20]. For (even
partially) faceted systems, which account for most sys-
tems, there are critical driving forces for densification
and grain growth with appreciable kinetics [21, 22].
It has also been shown that the difference in limiting
density and the difference in microstructural evolution

in the same system are due to the degree of faceting
and hence the difference in their critical driving forces
[21, 23].

The studies thus far on the effects of the interface
structure on densification and grain growth have been
performed for systems with average thermodynamic and
kinetic properties of the boundaries. In reality, however,
the properties are different from boundary to boundary
for the same driving force. More quantitative and de-
tailed studies on the properties and kinetics for individual
boundaries as well as an ensemble of boundaries should
be performed in order to better describe the sintering
kinetics and phenomena. They may include (i) charac-
terization and calculation (theory) of grain boundaries,
their structural transition, and their motion, (ii) theory
development of densification and simulation of micro-
structural evolution for faceted systems, and (iii) revi-
siting the effects of other parameters, such as impurities
and second phase particles.

3. Development and application
of novel techniques

There have been significant advances in develop-
ing novel sintering techniques, including pressure-as-
sisted techniques and electric field/current-assisted tech-
niques. Novel techniques with modification of ther-
mal cycles have also been developed [24, 25]. The pres-
sure-assisted techniques are well established and uti-
lized to fabricate materials with low sinterability [26,
27]. The electric field/current-assisted techniques are
being developed and provide remarkable enhancement
of densification [28—35]. Their fundamentals including
the underlying mechanisms, however, are not yet well
understood. Process control also is required to fabricate
products with uniform microstructure and properties.
In addition to the sintering technique itself, additive
manufacturing, a powder processing technique, has gar-
nered notable attention in both academia and industry
because of its versatility and convenience in making sin-
tered parts of complex shapes. To increase the applica-
tion of this technique, solutions to sintering issues of the
processed powder compacts will be critical.

4. Solutions for practical systems

Numerous components for various applications are
fabricated by sintering. In many cases, the components
have either very complex shapes, layered structures,
films on substrates, multi-phases or combinations of
these. To solve practical issues in fabricating such com-
ponents a sound understanding and solid control of
sintering for the specific system as well as powder pro-
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cessing of the components are necessary. Although mac-
roscale continuum theories have provided qualitative
guidance for sintering these complex systems, there is a
need for predictable quantitative theory and simulations.
In most cases, this will require multi-scale theories and
simulations. In addition, with a reduction of powder size
to a nano-scale, which is the current trend, greater con-
trol of particle packing, grain growth, and densification
during sintering than that for micron-sized powders is
necessary. In sintering of layered compacts or films on
substrates, the finite geometry aspects, including the
size and thickness ratio, aspect ratio of the layer, and free
edge effects, have not been extensively analyzed and are
not yet well understood. Accordingly, many technical
and fundamental studies are needed for individual sys-
tems and components.

Remarks

We have briefly described current and emerging
challenges and directions in sintering research. There
may, however, be other challenges that are omitted in
this note but warrant consideration. We hope that by
overcoming the challenges described herein and others
as well, the sintering science and technology will further
be developed and continuously make critical contribu-
tions to modern and future industry and society.
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The forecast of maximum stresses on compaction tools is frequently based on the so-called compressibility curves, obtained
according to specific standards. The analysis of compressibility curves enables to draw a simple analytical law, to utilize for
further developments. The relationship between radial and axial pressure is described. The radial pressure is the design datum
for the correct dimensioning of dies. Literature data on the relationship between applied pressure and friction coefficient
enables to derive a model linking compact geometry and axial pressures effectively needed to reach specific densities. For part
shapes characterized by a discrete extension on height — such as bushings, for instance — the effects of geometry are linked to
2 dimensionless parameters, one of physical nature (product of the pressure ratio multiplied by friction coefficient) and one of
geometrical nature (ratio between «vertical» friction surfaces and double of compaction area). These dimensionless parameters
enable to draw the «real» compressibility curves, linked to specific geometries. For part shapes characterized by small height —
such as thin disks or plates — the effects of geometry again depend on two dimensionless parameters: one of physical nature (ratio
between two times the friction coefficient and pressure ratio) and one of geometrical nature (ratio radius/height of the thin disk).
Thinner the disk, higher the pressure needed to attain a given density. The theoretical results are compared with experimental data.
The agreement between experimental data and forecasts based on the theoretical approach is good. The study proves that the
standard compressibility curves, if uncritically utilized for predicting stresses acting on tools, are unsuitable to predict the stresses
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Introduction

Every mechanical part to be used with safety must
have a strength, — static and fatigue — appropriately
higher than the load expected on operation. Further-
more, in the case of parts characterized by functional
requirements of fair or good accuracy, the acting stress-
es must be lower than the stresses capable of causing
plastic yielding of the provided material. In the case of
P/M iron-based materials, peculiarly porous, with po-
rosity ranging generally from 16 to 5 %, the mechani-
cal strength, static or dynamic, is a function of densi-
ty, type of alloying, sintering conditions, possible heat
treatment, including sinter-hardening. As to the influ-
ence of density, the data in the literature are numerous,
but not completely univocal. Presumably, in the USA,
A. Squire, [1], was the first scientist to publish experi-
mental results, as shown by Fig. 1. That chart became
almost a classic, because PW. Lee, [2], FV. Lenel, [3],
and, after half a century, J. Kosko, [4], republished the

same plot. Even R. Kieffer and W. Hotop, [5] published
the Squire’s results, with the additional indication that
the American scholar had also studied the shear strength
of sintered iron and had found an exponential law of de-
pendence on density. A couple of years after A. Squire, also
M.Ju. Balschin, in Soviet Union, [6], found experimen-
tally a law of dependence of the same type, then con-
firmed in his text [7]. Always in past times, W.V. Knopp,
[8], and G.S. Pisarenko, V.I. Troshchenko and A.Ya. Kra-
sovskii [9] arrived at similar results. A few years later,
H.H. Hausner, [10], published graphs, for P/M steels
(7 % Ni, from 0 to 0.8 % C, density between 6.4 and
7.6 g/cm?), which clearly show exponential trends. The
first contradictions appear with FV. Lenel, [3], which
published three graphs, relating to steels of different
composition, with conflicting trends: exponential, pa-
rabolic, linear. FV. Lenel states that the data came from
an ASM publication, [11]. R.M. German, [12], proposes
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once again an exponential type relation, with different
slopes for different materials, as shown in Fig. 2, with
both logarithmic scales. Surprisingly, R.M. German spe-
cifies that, in the first approximation, the correspond-
ence between tensile strength and density should be
linear, according to R.T. DeHoff and J.P. Gillard [13].
This hypothesis, however, is inconsistent with any frac-
tographic observation, clearly indicating that the size of
inter-particle necks, (certainly lower, in relative terms,
of the fraction of observable metal area at LOM), limits
the mechanical strength. R.M. German, however, in a
subsequent text, [14], published a table on the relation-
ship between UTS and density of a simple carbon steel
(0.5 %), which clearly indicates a linear law. F. Thiimmler
and R. Oberacker, [15], republished a graph initially
made by G. Zapf, Fig. 3, [16], and specify: «In practice,
the tensile strength can be often interpolated linearly for
densities ranging from 6.5 to 7.5 g/cm’, while rupture
elongation and impact strength present a stronger depen-
dence on porosity. This is true for a number of sintered
steels, while others show a rather different behavior of

Tensile strength, psi Tensile strength, MPa
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-100
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0 T T 0
5 6 7 8

Density, g/cm3

Fig. 1. Tensile strength versus density of sintered iron,
from 6 powder grades; sint. one hour at 1100 °C
(from F.V. Lenel [3])

the strength, with slope increase at high density... The
linear dependence of strength from porosity, howev-
er, is not theoretically founded». Even W. Schatt and
K.P. Wieters, [17], publish a diagram, due to G. Zapf,
on which, for Cu-based sintered materials, the band of
values clearly follows an exponential trend. P. Beiss, [18,
19], who published over 100 plots, is certainly the scien-
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Fig. 2. Relationship between tensile strength and relative
density of sintered materials (from R.M. German [12])
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Fig. 3. Dependence of mechanical properties of P/M steels
from sintered density (from G. Zapf[16])

R,, — ultimate tensile strength; 4 — rupt. elongation;
a; — fracture toughness
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tist to be acknowledged as to quantity of data and graphs
presented, where exponential trends prevail. As shown,
the indications in the literature agree on one obvious
fact: the mechanical strength of sintered materials is
an increasing function of the density. The dependence
law, however, does not appear univocal with certainty.
Even the use of MPIF Standards, [20], or publications
of very large powder producers, [21], does not allow
drawing conclusive opinions. For completeness, we
can stress that several authors attempted to model the
mechanical behavior of porous materials, by means of
different formulas, mainly of exponential type. Among
the various proposed laws, the ones that seem to best
match the experimental results are due to M. Eudier,
[22], supplemented by G.F. Bocchini, [23], with the in-
sertion of a pore form factor, and to H.E. Exner and
D. Ponhl, [24].

Determination of compressibility
according to the Standards

As shown, the mechanical properties of sintered
metallic materials depend on density. Furthermore,
frequent requirements of good dimensional accuracy
oblige to choose materials that exhibit small dimensio-
nal changes on sintering and, consequently, small densi-
ty changes. Then, the ability to reach high densities on
cold (or «warm») compaction defines the suitability of
any iron powder to densification by application of pres-
sure. The so-called compressibility curves graphically
represent the density changes that occur when a metal
powder (or a mix) is under pressure within rigid tools.
National and/or international standards, [25—27], com-
pletely specify the test procedures. Fig. 4 shows a typical
tool for compressibility test. Since the purpose of the test
is to evaluate the behavior of metal powders under rela-
tively high pressures, the portion of the curve that gives
densities below 200 MPa is usually neglected. This im-
plies that the compressibility curves are not usable when
some transfer of powder mass is needed, to prepare the
correct filling configuration before the beginning of
pressure increase. Usually, the maximum test pressure
is at least 700 MPa. The scales of the diagram are li-
near and pressure is plotted on the x-axis, while density
is plotted on the y-axis. With only a few exceptions, the
compressibility curves of metal powders are typical, with
a pronounced convexity upwards.

The main reasons that lead to this trend are:

o the progressive decrease in the voids between parti-
cles, both as fraction and size;

¢ the work-hardening of the metal.

Fig. 4. Example of simple tool for compressibility test

By means of the compressibility curves we can
measure an «absolute» property of a given powder (or
powder mix), i.e. the law of density increases as a func-
tion of the applied pressure, according to a standardized
procedure on reference samples. This method appears
suitable to test and compare different metal powders,
and mixtures thereof. However, at least a priori, it could
be unsuitable to predict the behavior of a powder sub-
jected to pressure, when the shape of the green part sub-
stantially differs from that of compressibility samples
(small cylinders or parallelepipeds).

Analysis of friction conditions
on different surfaces

In powder pressing the friction that contrasts densifi-
cation acts between:

a) powder and surfaces of die and core-rods;

b) powder and faces of punches that apply pressure;

¢) surfaces of powder particles in contact and in re-
lative motion.

The conditions of the tribological couples are sub-
stantially different, as shown, qualitatively, in Table 1.

If we consider the average specific surfaces of iron
powders commonly utilized for manufacturing P/M
parts, with some approximation, we can estimate that, in
a 70 g compact, the total powder surface is 6.510* cm?,
while other parameters change, as density increases, as
shown in Table 2.

Even considering that the «true» surface of contact
and sliding is a small fraction of the apparent, one, it
should be clear that its value is still considerably high-
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Table 1. Distinctive features of tribological couples on compaction

Contact zone Die/powder Punch/powder Powder/powder
Case A B C
Deformability of materials Very different Very different Identical or very similar
Hardness of materials Very different Very different Identical or very similar
Chemical affinity between materials Modest Modest Very high
Extent of sliding From very high to nothing Very modest From very high to modest

er than that of powder-tool contact surfaces, which, at
7.0 g/cm? density, for compressibility test specimens, in-
dicatively, are 10 cm? between punches.

Distinctive features of tribological couples on com-
paction and powder and 16 cm? between die and powder.
These approximate evaluations show the basic role of
lubricant for decreasing the resistance to densification
coming from mutual sliding between powder particles.
The importance sometimes given to wall lubrication
seems worthy of a proper critical review.

Table 2. Features of pores and contact areas
at two compaction densities; iron powder

Compact density, g/cm? 5.0 7.0
Average pore volume, cm? 3.03:10710 1.30-10710
Average pore diameter, cm 8.3107%  6.3107*

Total number of pores 1.5410°  1.54-10°
Average pore surface, cm’ 2.16:107% 1.25:107°

Total pore surface, cm? 33-102 19-102

Maximum inter-pargicle 6.1710*  6.31-10*

contact area, cm

Fig. 5. Equally sized spherical particles arranged
as fcc lattice: steps of plastic deformation on compaction

Since on compaction the pressure acts uniaxially,
the plastic deformation of the particles is not isotropic.
If we imagine the compaction of equally sized spheri-
cal particles, neatly stacked according to the fcc lattice,
Fig. 5 shows, schematically, the ideal sequence of par-
ticle deformation. Actually, the particle shape is neces-
sarily different from the spherical one (to ensure a suffi-
cient green strength of compacts), while their size ranges
within a broad spectrum, typically between about 0.02
and 0.18 mm.

Fig. 6, from W.B. James, [28], shows a section of a
Fe + 2 % Cu pressed material, compacted according a
vertical axis, after lubricant removal by suitable thermal
process. Since the resistance to plastic deformation of
copper particles is lower than that of iron particles, the
harder granules squeeze the softer ones. In other words,
the elongated shape of copper particles, predominantly
on a nearly horizontal axis, appears as a clear sign of the
anisotropy of plastic deformation in compaction.

Finally, Fig. 7 represents a schematic sequence, clos-
er to real situations, also showing some movements of
rotation (or rearrangement), imposed by the rigid punch
face, which applies pressure, before the stage of materi-
al’s plastic deformation begins.

Fig. 6. Vertical cross-section (compaction axis)
of a presintered compact; Fe + 2 % Cu (white section of
particles) mix; atomized powder (from W.B. James [28])
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Fig. 7. Schematic representation of particle rearrangement,
rotation and deformation, under the action of a rigid punch

Friction on the walls of die
and core rods

A. Duffield and P. Grootenhuis, [29], have been the
first scientists to analyze the equilibrium conditions of
a thin powder layer, ideally isolated within a body sub-
jected to axial pressure, and drowned the formula that
describes the variation of the axial pressure due to fric-
tion on the die walls, as a function of the distance from
the faces of punches. They used a very simplified theore-
tical model, which, strictly speaking, may be valid only
as a first approximation. In fact, in the analytic deve-
lopment, they assumed a plane stress state also for quite
large surfaces. Referring to Fig. 8 and using suitable
measurement units, let us indicate with:

A the compaction surface, u the contact perimeter
between powder and die, (and core rods, if present),

p; the uniform pressure applied at the instant # from both
the upper and the lower punch (hypothesis of bilate-
ral, symmetrical and simultaneous compaction), p the
uniform pressure acting in axial direction, at the in-
stant ¢, on a flat surface located at a certain distance,
x, from the nearest punch, dA the infinitesimal thick-
ness of a powder layer, (d/ is measured as positive in
the direction of increasing x), dp the small decrement
of axial pressure on the infinitesimal thickness dx,
consequence of the friction on the die (or lateral walls),
originated by the radial pressure, p, the radial pressure
originated by the axial one, and to it proportional, u
the ratio between radial pressure and axial pressure, at ¢
instant, H; the height «snapshot» of the compact at # in-
stant, p, the minimum axial pressure, which acts at time
t. Considering the ideal condition of perfect symmetry,
the minimum pressure is that one acting at half height
of the compact, on the mid-plane, in the so-called
«neutral» zone, fthe friction coefficient, assumed as a
constant, at time «7».

The powder layer, having infinitesimal thickness,
must be in equilibrium under the action and the result-
ing reactions, due to friction, inter-particle inside the
powder mass and on the side (die) walls.

The condition to fulfil is the following:

Ap =A(p—dp)+ fip —dp/2) udx, (1

Ap—Ap+Adp=fppudx—fu%udx. 1)

Since it can be accepted that it is dp-dx << dp and
dp-dx << dx, and considering that, when the x-coor-
dinate increases the pressure p decreases, by means
of a series of simple mathematical passages the solu-

Fig. 8. Equilibrium conditions of a thin powder layer in presence of side wall friction
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tion of relation (1) can be obtained and expressed as
follows

uH
= pgexp|—futt |, )
Pn=Do p( fu 2Aj

where pj, is the pressure exerted by the upper (or lower)
punch.

Equation (2) indicates that the decrement of axial
pressure is an increasing function of the friction coef-
ficient. Plotting on a diagram, on a logarithmic scale,
the p, /p, ratio, as a function of the aspect ratio H/D
(D being the diameter of a small cylinder, without holes)
straight lines can be obtained.

The slope of these straight lines increases as the fric-
tion coefficient increases. It should obvious that the dec-
rement of axial pressure is much higher in the case of
thin-walled hollow compacts.

Coming back to formula (2), being stated in advance
that the axial pressure is constant on any horizontal
section and on the face of the nearest acting punch,
the law of variation given by the formula is valid only
for high values of the ratio between friction area and
compaction area. Such limitation can be easily accept-
ed if the part geometry is characterized by a high ratio
between side walls and compaction area. This condi-
tion is typical of many compact shapes, which may
require quite high pressures to reach a given density.
These increments of pressures, compared to the values
typical of compressibility curves, come from the great
extent of the area of side surfaces. Formula (2) enables
evaluating the effects of friction on the axial pressure
distribution. To go further, namely to evaluate the ef-
fects of pressure distribution on the average density, we
should introduce a correspondence law between pres-
sure and density. To be simple, we can consider the
following semi-empirical relationship, going back to
W.D. Jones, [30), and successfully applied by G.F. Boc-
chini, [31, 32]:

y:a—bp+c\/_, 3)

where a, b and c are typical parameters of a given pow-
der mix, which can be obtained from three couples of
associated values of pressure and density. Within the test
range, the densities that can be obtained at various pres-
sures can be foreseen with a good enough approximation.
However, any extrapolation requires caution. In fact, it
may happen that extrapolating (3) beyond determinate
pressures — not so far from the extremes of the range —
indications physically unacceptable are drawn. At this
stage, we can assume that previous hypothesis and equa-

tion (3), successfully applied to finite thicknesses, also
holds for very thin powder layers. In this way, it is pos-
sible to find the analytical relationship, which relates
average density with compact geometry, ratio between
pressures, W, and friction coefficient £ Remembering
the above-mentioned hypotheses, if x is the distance be-
tween the surface under consideration and the nearest
punch face, the average density. y,, must be given by the
integral function:

2 cH/2

Ym= 7

1.
dx=— dx. 4
ARG LJOYX Q)

(For ease of writing and considering symmetric and bi-
lateral compaction, it is better to refer to L = H/2). By
inserting expression (4) into (3) we get

O A T I T T

i.e.
a . b L c L ,
ynlz—j.odx——jopdx+—j01/pdx. 5"
L L L
According to (2), at a generic ordinate x it is
P =Py = Do exp(—frux/A) 2)
so that equation (5) may be put in the form
_ bpy 1 ux | 4
Y17z_a_T_[0 eXp _f“'7 +
CyPo L ux
+ exp|—fiL— |dx. 6
7 s p[ g Aj (6)
From the solution of (6) by integration we get
L
b
et ALl
L fuu 4)],
expo 24 ¢
0 ux
- eX . - b 7
7 fuu{ p( f”zAHO (7
i.e.
=a+——|exp|—fu—|-1|-
T fuu{ p(prj }
c 24 . uL
~ VP 22 N exp |- futs |1, ®)
L fuu 24

At first, formula (8) seems rather complicated. How-
ever, it can easily be expressed in a relatively simple form
by gathering a few quantities, which are either in the
fractions or as exponents, as follows:

—_ .
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bp,

Ym=a+t [exp(-K,K;,)—-1]-

)

K, and K, are two dimensionless parameters, de-

fined, respectively, by the following equations:
K =1, K2=Hu/(2A), (10)
where the previously explained quantities appear.

K, is a parameter of physical nature while K is a geo-
metrical one.

Expression (9) describes the relationship between the
average density, the axial pressure exerted by punches,
the ratio between the radial and the axial pressure, the
wall friction coefficient and the geometry of any com-
pact. For its practical use, in the strictest sense, the small
test probes should have the same extent of lateral friction
surface and, therefore, the same height. Consequently,
the usual compressibility curves, obtained from samples
having a constant weight, can be used only as an approxi-
mation. The previous formulas allow us to get, by calcu-
lation, sheaves of compressibility curves only if the same
distribution of pressures assumed in the model proposed
by A. Duffield and P. Grootenhuis, [29], can be applied
to all the possible part shapes. Each curve of the sheaf
characterizes a certain geometry of the parts, univocal-
ly defined by the dimensionless parameter K,. To make
these calculations, the values of the friction coefficient
and the values of the pressure ratio are needed. Useful
data have been published by W.M. Long, [33], G. Bock-
stiegel and J. Hewing, [34], E. Ernst et alii, [35], and
again E. Ernst, [36]. Both, fand , vary with pressure.
Specifically, the friction coefficient decreases if pres-
sure increases, according to a non-linear law, while the
ratio between radial and axial pressures increases, fol-

lowing a nearly linear law. The results of compressibility
test made on a high compressible iron powder, bulk-lu-
bricated with 0.6 % Zn stearate, may be useful. Fig. 9
shows the experimental data and the calculated curve,
by means of equation (3), at 400, 600 and 800 MPa. The
equation of the curve is

v =2,763—0,00479 p, +0,29765,/ p, .

Table 3 lists the physical and geometrical proper-
ties of the specimens pressed to plot the compressibility
curve.

Fig. 10 shows the curves obtained using the relation-
ship (10) to plot the compaction density of a same powder
mix, at different pressures, versus the K, ratio between
surfaces. Finally, Fig. 11 shows the curves of density for
different values of K,. The upper curve is higher than
that of compressibility measured according to the stan-
dard test conditions. As we can see, the compact geometry

Compaction density, g/(:m3

7.2+

7.0

6.8+

500 600 700

400
Compaction pressure, MPa

800

Fig. 9. Results of compressibility test (high compressibility
atomized iron, bulk-lubricated) and curve calculated by
means of equation (3)

Table 3. Physical and geometrical properties of the small cylindrical compacts utilized to plot the compressibility
curve of a high compressible iron powder, bulk-lubricated (0.6 % Zn stearate)

Pressure, Densit3y, Volurr31e, Springback, Diameter, Area 124, Height, Area ES’, K, ratio

MPa g/cm cm % mm mm mm mm 2

300 6.500 10.769 0.09 25.023 491.76 21.90 1721.53 1.75
400 6.800 10.294 0.12 25.030 492.05 20.92 1645.08 1.67
500 7.030 9.957 0.15 25.038 492.35 20.22 1590.79 1.62
600 7.180 9.749 0.18 25.045 492.64 19.79 1557.09 1.58
700 7.285 9.609 0.21 25.053 492.94 19.49 1534.18 1.56
800 7.340 9.537 0.24 25.060 493.23 19.34 1522.23 1.54
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500 MPa
55 ; ' I
: T 0 15 20

K, ratio

Fig. 10. Influence of Kj ratio on compaction density;
high compressibility iron powder, bulk lubricated
(0.6 % zinc stearate)

s Density, g/cm3

7.0
6.5

6.04"

5.5
300

500 600 700
Compaction pressure, MPa

400 800

Fig. 11. Curves of compaction density for different values
of Kj ratio; high compressibility iron powder,
bulk lubricated (0.6 % zinc stearate)

may have a significant impact on the pressures required
to reach a certain density. To relationships used to plot
the various curves are:

b _be—Klkz _1, ¢ _E KK,
e 2 -1

w=0,0005p, +0,3219, fu=0,1.

The relationship between radial pressure and axial
pressure is based on the experimental results of G. Bock-
stiegel and J. Hewing [34] and E. Ernst [35, 36], later
confirmed by other scientists. In all experimental re-

search on powder compaction, it has been found that the
friction coefficient between densifying powder and tool
surfaces, for mass lubricated mixes, decreases when the
applied pressure increases, [35, 36].

Friction on punch face
with circular cross-section

Repeated experiences have shown that in case of
compaction of a cylinder of height much larger than the
average size of powder particles, (indicatively > 1000 ti-
mes), the distribution of axial pressure is characterized
by maximum values at the periphery and by one central
area at nearly constant pressure, as schematically shown
in Fig. 12. The different «motility» (the medical term
«motility» appears apt to describe the possibility of dis-
placement) of particles constrained near confining tool
surfaces can explain the observed pattern of axial pres-
sure distribution. In other words, the «degree of free-
dom» of particles far away from the compact «core» is
reduced by the obstacles represented by die and punch
surfaces. Differently, the powder granules at enough high
distance from the confinement walls, especially vertical,
are prevented from moving from their neighbor, equally
stiff and resistant to plastic deformation. In these con-
ditions, the resistance, which opposes displacements, is
smaller, with consequent reduction of axial pressure on
the punch that compresses the powder. Obviously, such
a distribution of axial pressures appears also within the
wall thickness of hollow shapes, if the horizontal and
vertical dimensions are higher enough, in comparison to
powder particles. The pressure distribution substantially
changes when the part thickness is modest in compac-

Axial pressure

Diameter or wall thickness

Fig. 12. Distribution of axial pressure for big enough
compact size
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tion direction. With similar geometries, the possibility
of displacement of particles decreases, due to the «block-
ing» effect attributable to punch faces. To determine the
distribution of axial pressure, when forming compacts of
small height, we can consider the equilibrium conditions
of an elementary powder volume on densification. For
simplicity, let us suppose that the part shape is circular
and that compaction is bilateral, simultaneous and sym-
metrical. Fig. 13 is the model used to find the relation-
ships for effects, [37].

With reference to Fig. 13, H is the thickness of the
compact. The equilibrium condition of an ideally iso-
lated small quoin of powdered material, [33], is

c,.Hrdo + 269Hd}"? =

=2 fprd0dr + (o, +do, ) H(r +dr)do, (1)

where f is the friction coefficient between punch faces
and powder.

%o H Gp+dcp
do
2 2
-—<
/\
o, ¢ A
de dé
2
P o
p+dp

Fig. 13. Stresses acting on a small elemental sector
(H thickness) during powder compaction

Pressure ratio, min/max
1.000

0.100

0.010

0.001
0.05

fu ratio

Fig. 14. Ratios between minimum axial pressure
(on the outer radius) and maximum axial pressure
(at the disk center), according to equation (18)

Both dr and d6 are sufficiently small, so as to neglect
any variation of pressure, in the corresponding direc-
tions, on the horizontal faces of the small volume ele-
ment. Therefore, we can assume that it is sind® = do. If
we divide equation (11) for d6 we get

o, Hr+oyHdr =

=2fprdr+H(c,r+o,dr+rdo, +drds,), (12)

which, dividing by »and H and changing the sign, can be
rearranged in the form

Mdr:_@dr

do,+ 13
o, > (13)
namely
d0,+0,—ce:_2fp. (13"
dr r H

For reasons of isotropy in the directions orthogonal
to the action of the applied pressure, it may be assumed
that, on any horizontal plane, it is 6, = 6. With this as-
sumption, equation (13”) becomes

do, _ 2/ (14)
dr H’

where: G, is the stress acting in radial or tangential direc-
tion, p is the pressure acting in axial sense; its value de-
pends on the considered point, i.e. on the position along
a radius.

It can be now useful to repeat, as stated in [37], a
short digression on the apparent contradiction between
the dimensions of the elemental sector: two of them, dr
and dO, are infinitesimal, whilst the height H is finite.
Furthermore, the considered geometry seems to contra-
dict, at least at first glance, what has been developed by
A. Duffield et alii, [29], where the pressure variation in
axial direction, between two horizontal planes placed at
a short distance, dA, each other, has been expressly con-
sidered. Actually, for whichever horizontal plane inside
the hardening powder mass, at a sufficiently high dis-
tance from the punch faces, the distribution of the axi-
al pressures can be approximated by a constant course.
On the contrary, the friction between punch faces and
powder univocally determines the axial pressure dis-
tribution. The law of variation in radial sense depends
on several factors, among which the distance from the
extremity horizontal faces certainly prevails. In the
case of high axial thicknesses, clearly, the assumption
of a constant radial pressure is unacceptable and, more
correctly, it should be replaced by an integral function.
Conversely, in the case of relatively modest heights, the
variation of radial pressures in vertical direction can be

40
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considered negligible. Therefore, the equilibrium condi-
tion expressed by (11) can be allowed, provided that the
H height is small enough. A proportionality relationship,
[33—36], links radial and axial pressure (having the lat-
ter a specific value):

P, = Wp, With = pu(p) < Land = p(p,).  (15)

Therefore, remembering also the equality between
stresses and local pressures, formula (14) may be modi-
fied as follows:

dp, __2/pa (16)
dr H

and again, simply indicating with p the axial pressure
acting on the small element of the area,

d_ 2 (16')

dr H

namely

d_ 2t (16

P nH

The indefinite integral of equation (16”) is
np=-LL (7
w H

which, transforming the logarithm in a power expres-

sion, gives
=1y exp(_z_f LJ, (18)
1)

H

where p is the axial pressure which acts on the powder at
a distance r from the center of the figure, p,, is the axi-
al pressure acting on the center of the compaction area,
that is for r = 0.

If we now introduce two dimensionless parameters,
one of physical in nature, M; = 2f/u, and one of geomet-
rical nature, M, = r/H, the equation (18) can be written as

P = poexp(—=MM,). (18%)

The equations (17) and (18) indicate that the axial
pressure on the faces of the powder mass on densifica-
tion decreases along the radius, following a logarithmic
law. The maximum value appears at the center, whereas
the minimum value occurs on the circumference. The
gradient of pressure, in radial direction, depends on:

o friction coefficient between punch faces and pow-
der on densification;

e ratio between radial and axial pressure;

e gecometry of the part.

It may be useful to remark that the dimensionless pa-

rameter M, is formally the inverse of the dimensionless
parameter K; found in the analytical evaluation of the ef-
fect of friction between powder mix on densification and
confining die walls. However, we should consider that
the lubrication conditions and possibilities of movement
of powder particles, in the two cases, are substantially
different.

The geometric parameter, M,, is instead a ratio be-
tween two lengths. M, also turns out to be the inverse of
K, parameter, previously found. Eq. (18) enabled to plot
the graph of Fig. 14 . The two quantities f and p vary,
with different laws, as functions of the compaction pres-
sure. The stronger variation regards the friction coeffi-
cient, for bulk-lubricated powders mass: it can decrease
from 0.2 to less than 0.05 as p increases, while, in the
same range, m increases from about 0.5 to almost 0.7,
[34, 36, 37]. Any effort to identify limitations and inac-
curacies arising from the assumptions here made would
require some specific investigation, on disks with diffe-
rent thin thickness and under different lubrication con-
ditions of the punch faces. In addition, to take account
of any change of friction coefficient, the experimental
verifications should be repeated at different pressures.
Independently of any targeted experimental investiga-
tion, it is notoriously difficult to comply with flatness
tolerances on the faces of thin disks, which systemati-
cally tend to bulge at the center (few hundredths of a
millimeter). The observed bulges replicate the different
local elastic yielding of punches, coming from diffe-
rence among local stress levels. By way of example, in
the case of a 32 mm diameter and 2 mm height disk, the
r/H ratio is 8.0. Assuming an average value of the f/u ra-
tio, according to the graph of Fig. 14, the axial pressure
acting on the outermost zone is equal to nearly 30 % of
that acting on the center, to drop to less than 1 % if r/H
becomes equal to 20.

Axial pressure distribution
in the case of circular shapes

If F indicates the force applied on compaction by
the upper (and lower) punch, the average axial pressure,
D> acting on a small disk with a radius at compaction
end is

b = F
" ma?

19)

More, if we consider that the axial pressure varies
along a radius, it should be

szmna2 = _[:anrdr (20)

—_ .
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and also
(2D)

If we insert in Eq. (21) the expression of local pres-
sure given by Eq. (18) and divide by &, we get

pra=2m _[prdr.

0
pua’ =2po[rexp(—MM,)dr (22)
0
that, remebering the definition of M,, becomes
2p e M, ’
=——|rexp|—— |rdr. 22
po =25 o[-0 @)
Only for formal simplicity, let us write
b=M,/H. (23)
Then, from (22), we have
2 0
DPm = p20 .frexp (—br)dr 24)
a o
and also
p a2 0
== Ir exp(—br)dr. (25)
2py %

The integral of the second term of (25) may be solved
as follows

a

Jér exp(-br)dr= {%ﬁb’) (br+ 1)} oo
namely
[drexp(=brydr= biz[(—exp (=br) (br+1D)]; =
:biz[l_(eXp(—ba)) (ba+1). 26

If we insert the solution of the integral given by (26”)
in (25), remembering that it is bH = M, and indicating
by M,.x the value corresponding to the outside radius
of the disk, we get

Pm (]‘/[1)2(2‘42max)2

- . @7
2[1 - (exp (_MIMZmax )) (M1M2max+ 1)]

Po

This formula establishes the relationship between
average and maximum pressure, which acts on the
center of the disk. By analogy with the indications gi-
ven by formula (19), at equal average pressure, the ma-
ximum value depends on compact geometry and fric-
tion coefficient.

It may be interesting to try to see graphically how
the maximum pressure at the center of the disk varies as
a function of M; and M, values. The trends are plotted

in Fig. 15, which shows that the maximum calculated
pressure at the center of the disk strongly increases as the
thickness/radius ratio decreases.

The influence of the M, ratio (M; = 2f/u) is remark-
able: at the same M,,.., (Mymax = @/H, a being the out-
er radius of the «thin» disk), the value of the maximum
pressure at the center could theoretically increase, to be-
come 4 or 5 times greater than the average one. It should
also be noted that M; values lower than 0.4 have been
considered, remembering that friction coefficient de-
creases at increasing pressure on bulk-lubricated pow-
der.

Obviously, the curves of Fig. 15 cannot describe re-
al situations, since it should be assumed that the most
heavily loaded areas of the punches deforms elastically
and tend to involve the adjacent ones, less stressed, with
a tendency towards reduction of the differences between
local stresses.

The lenticular-type deformations usually observed
on thin plates or disks, as already mentioned, appears as

Maximum pressure, MPa

2500
2000
1500
1000~
Average pressure: 700 MPa
500 T T T
2 4 6 8 10

M

2max?

r/H ratio

Fig. 15. Variation of the maximum pressure,
at the center of a thin disk, as a function of the ratio
between radius and height (or thickness)

r'a ratio

0.54 - 'll T T T T T T

1 2 3 4 5
Thickness of the disk having » = 15 mm

Fig. 16. Position of * radius, (#* = r/a), where the axial
pressure is equal to the average one, function
of the thickness of a «thin» disk having a radius
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an indirect confirmation of this hypothesis. For a spe-
cific radius r*, (0 < r* < a), the axial pressure should have
(on a specific radius) the same value of the average one,
given by (22). According to (19), (21) and (22), when it is
r=r", it should also be:

p.=pyexp(-Mr*/H)=p . (28)

If we insert in Eq. (28) the expression of p, given by
(27), after elimination of the exponential we get

Lh’l (MI)Z(M2max)2
Ml 2[1_(exp(_MlMZmax))(MlMZmax+1)]

(29)

p
I )

This formula defines the variation law of the position
of ¥*, due to changes of physical and geometrical quanti-
ties involved. As Fig. 16 shows, the r* radius tends to ap-
proach the part center when friction coefficient increas-
es and thickness of the disk decreases. The variation
range, anyhow, is relatively modest: from 0.54 to 0.66.
Only by way of example, let us suppose that the flatness
defect observed on a 30 mm diameter disk is 0.05 mm.
This deformation, on a 100 mm long punch, corres-
ponds to a difference between axial stresses of the or-
der of 100 MPa. This value allows to assume that, as a
result of different local elastic yielding of the punches,
the effective radius of the area in which the local pres-
sure is greater than the average is significantly larger
than r*. As a first approximation, in absence of other
indications, we imagine to split into two equivalent
areas the annulus defined by the radii #* and a, and sup-
pose that the area subject to local axial pressure greater
than or equal to the average one includes the circle of
radius #* and half of the outside area. On the basis of
the bundle of curves of Fig. 17, we can admit that, for a
3 mm thick disk, on the average, it is #* = 0.62a. In this

0.66 r*/a ratio

Radius/thickness ratio, H/a

Fig. 17. Position of the radius on which the local axial
pressure is equal to the average one, as a function
of My, Tatio

case, the formal expression of the assumptions made,
for r=1.00 mm, is

7-1-0.62% + =2.175mm?.  (30)

n(1* -0.62%)
2

This area corresponds to 69 % of the total surface.
If we accept the proposed hypotheses, we can conclude
that the «effective» pressure acts on an area that is ap-
proximately equal to 70 % of the total. Case by case, the
curves of Fig. 16 allow obtaining less approximate indi-
cations.

As shown in Fig. 17, as the a/H ratio increases, i.c.
as the relative thickness of the disc decreases, the r* ra-
dius tends towards the center, with a linear law. In this
way, also the area that we can consider «effective» for
powder densification, i.e. the area where the local axi-
al pressure is equal to or greater than the average one,
decreases.

Decrease of average density
of thin disks

Within the explored fields, (M; and M,,,,, variab-
les), the ratio between the area that can be considered
effective for densification and the total one varies bet-
ween 0.65 and 0.71. Given the modest variation, we
can assume that the «effective» compressibility curves
move downward, in comparison to the standard ones, as
Fig. 18 shows. In other words, this corresponds to ad-
mit that, in the case of thin plates or disks, the real be-
havior of the powder in densification is worse than the
standard, as if the powder becomes less compressible.

Compaction density, g/cm3

-
-
-

Standard _--"
compressibility curve =~
7.0' -~ -
-~
7
e
6.5 ,
s
s

Actual behavior when
compacting thin disks or plates

6.0

5.5
200

400 600
Compaction pressure F/4 ratio, MPa

800

Fig. 18. Standard compressibility curve and «effective»
compressibility curve for compacting low-thickness plates
and disks

—_ .
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In Fig. 18, the compressibility curve that we can define
«effective» is unique, but, in reality, given the effects of
M, and M,, we can imagine the existence of a bundle of
«actual» compressibility curves, spaced apart in depen-
dence of friction coefficient and thickness/radius ratio.
Another reason for the decrease of the average density
of thin disks (or plates) derives from the presence of two
«boundary layers», within which the density increases
gradually proceeding towards the interior. These boun-
dary layers, generated by reduced motility of particles
directly in contact with the punch faces, have thickness-
es depending on average particle size of the used powder,
as found by G.F. Bocchini, [38]. Their effect on the ave-
rage density is greater as the thickness of disk decreases.
The presence of a boundary layer less dense than the ave-
rage for the particular involves a whole series of possible
consequences on the mechanical behavior in operation
of sintered parts. The analysis of this aspect, however, is
beyond the scope of this work.

Support
of experimental data

This theoretical study is not corroborated by any
joint experimental investigation on density variations of
compacts (and/or sintered parts) attributable to typical
geometries and influenced by negative effects of fric-
tion resistance at tool walls. In the literature, however,
there are some indications that agree with the assump-
tions and analytical developments here outlined. Fig. 19,
for instance, shows a graph based on the data published

4 Local density, g/cm3

5.2 T T T T

0 2 4 6 8 10 12 14 16
Distance from the upper face, mm

Fig. 19. Density distribution, in axial sense, of a iron
bushing 16 mm high, uniaxially compacted. On the right,
ideal line, corresponding to bilateral compaction,

with K, = 16 (from G. Mair [39], redrawn)

by G. Mair, [39], who measured, by slices, the density
distribution of cylindrical bushings (16 mm nominal
height), obtained by unilateral compaction of a high
compressibility iron powder, bulk-lubricated with 1 %
micronized wax. On the same figure there is the ideal
line corresponding to a correct (symmetrical) compac-
tion. On the figure, each dot indicates the density of a
small height ring, cut at a given mean distance from
the end face formed by the punch. As we can observe,
the density decrease in axial direction shows a linear
trend. In the same work, Mair presents other graphs,
relating to bushes of different geometry, which con-
firm the dependence of the local density and — conse-
quently — also on the average one, from the geometric
parameter K,. Furthermore, in the case of very high
compaction pressure (between 810 and 920 MPa),
other conditions being equal, the gradients of the
curves of local density decrease, as the pressure in-
creases, for a sort of «saturation» effect. In other words,
at very high density the effect of pressure increases on
density variations progressively decreases. The reason
is that the more dense zones have very limited possi-
bility, if any, of further densification. For most metals,
any compressibility curve shows some trend to flatten
as pressure increases.

G.F. Bocchini et alii, [40, 41], published a series of
experimental results, obtained in a study made to con-
firm — or reject — the conclusions of a theoretical study
on friction effects during compaction, [37]. The research
investigated the possible density decreases of thin com-
pacts vs. their thickness, on small discs as specimens
(® = 25 mm, high or normal compressibility iron pow-
der), with different lubricants and lubrication type. The
green disks were presintered, to remove lubricants and
to get a mechanical strength of samples compatible with
the preparation of metallographic specimens, for strati-
graphic observation and assessment of porosity gradi-
ents. The average density was measured by Archimedes’
method. Fig. 20 and 21 show the density distribution of
presintered disks, for 5 different lubrication conditions.
On each case, the curves seem reach a horizontal trend
as K, is > 0.5. It is also interesting to observe the effect
of wall lubrication, with a remarkable density increase
in the range 0.1 < K, < 0.4. In the same investigation,
G.F. Bocchini et alii, [40, 41], measured, by image ana-
lysis, the porosity variations vs. the distance from the
face formed by a punch. Fig. 22 shows the results of those
evaluations for disks obtained from atomized iron pow-
der. The results obtained on samples based on sponge
powder were similar. In both cases, within a very thin
layer, proceeding from the outer surface towards the

44 W3ecTus By308. [TopoLLKoBas METanayprvs U QyHKUMOHATbHBIE NOKPbITUS = 4 = 2018



TE'UpMﬂ Y MpoLecchi YOPMOBEHNS Y CIIEKHNS MOPOLLIKOBbIX MATEPUAII0B
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Fig. 20. Average density of presintered thin disks versus
the geometrical parameter K,. Sponge powder (NC 100.24,
from Hoganids AB); Compaction pressure 600 MPa
(from [41, 42])
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Fig. 21. Average density of presintered thin disks versus
the geometrical parameter K,. Atom. powder (ASC 100.29,
from Hoganis AB); Compaction pressure 600 MPa

(from [41, 42])
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Fig. 22. Trend of porosity, inside thin surface layers,
of presintered thin disks. Atomized iron powder,
bulk-lubricated or with wall lubrication

(from G.F. Bocchini et alii [40, 41])

part interior, the porosity decreases. As we can see, the
boundary layer extends inward to about 0.3 mm. We
should remember that the average size of a typical gra-
nule of atomized iron powder is about 0.1 mm. This
trend, which any careful check on green or sintered
parts can easily confirm, seems support the hypothesis
of boundary layers formed on compaction and attributa-
ble to reduced local «motility» of powder particles, con-
strained by punch faces.

Conclusions

The pressure distributions during metal powder
compacting, on die and punch faces, have been deter-
mined by simple geometrical models. The pressure drop
increases as friction coefficient between powder mixes
and tool surfaces increases. Uneven pressure distribu-
tions cause a decrease of average compact density, in
comparison with the values drawn from standard com-
pressibility curves.

In fact, since density increases, as compaction pres-
sure increases, according to a non-linear law, if the axial
pressure is uneven, the corresponding average density
will be lower than that ideally obtained in case of con-
stant pressure.

The analytical study on density decrease of compacts
having relatively small thickness has allowed the formu-
lation of equations relating average density and geomet-
ry. Two dimensionless parameters, K, and M,, which
depend on the areas of compaction surface and side
surfaces (die confining surface, and punch surfaces act-
ing as die) affect pressure and density distributions. In
case of part shapes strongly different from the standard
specimens, the gap between indications given by usual
curves and actual powder behavior may reach dangerous
levels. The actual pressure differences may be so high as
to imperil the integrity of some tool items or even press
components. If the compact shapes are similar to thin
disks or plates, a further decrement of the average den-
sity occurs, in comparison with standard curves, which
depends on the presence of boundary layers with vary-
ing density. These boundary layers are always present,
but their relative weight increases as part thickness de-
creases. More, if the parts have a small axial thickness
and a relatively large compaction area, the axial pressure
gradients may lead to flatness defect. According to the
theoretical approach, such parts should always present a
lenticular shape, with thickness difference increasing as
thickness decreases. This result seems to explain some
quality problems regarding flatness tolerance of thin
parts.

—_ .
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Since the standard compressibility curves appear

unsuitable to assess the compaction behavior of metal
powders for different shapes, calculation methods suit-
able to plot approximate compressibility curves are pre-
sented. In conclusion, the answer to the dilemma of the
title may be only one: the standard curves are useful to
compare different powders, but are definitely unsuitab-
le — or even dangerous — for any reliable forecast of
stress levels actually acting on various elements of com-
paction tools.
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JaH 0630p pe3ynbTaToB NPUMEHEHUS NpoLecca caMopacnpoCTPaHSoLWerocs BoicokoTemneparypHoro cuHtesa (CBC) ana no-
JIy4EeHUS XapOonpPOYHbIX HUKENEeBbIX CMIaBOB U KOMMNO3UTOB HA OCHOBe kapoupa tutaHa (TiC) u Hukena. Ona ymeHbLlIeHns Xpyn-
KOCTM NpeasioxeHo 3aMeHnTb dasy TiC Ha kapbocunuung tutaHa TizSiCy, 1 npuMennTts npouecc CBC ang nonyvyeHns kapkacHo-
ro komnoauta TizSiCy—Ni. Hukenb ana nponutkn kapkaca TizSiC, BBOAUNCS B TPEX BapuaHTax: ¢ fo6aBneHnemM B peakLnOoHHYI0
CMecCb; B Buae 6pukeTa, pasmeLLeHHoro mexay Asyms 6puketamm CBC-wunxTbl; aHaNorMyHo BTOPOMY BapuaHTy, HO ¢ Bapbep-
HbIMU cnosiMu U3 Bymaru mexay 6puketamum Hukens n wnxTtel CBC. MNoka3aHo, 4To BO Bcex BapuaHTax pacnnas Ni npenarcTesyeT
ob6pasoBaHuio MAX-dasbl kapbocunuumpa TutaHa, NPMBOAS K ero aerpagaumn. BeegeHne Ni B peakuMOHHYIO CMeCh Mo NepBoMy
BapuaHTy NO3BOJINIO MNONYYNTb OAHOPOAHBIN KOMMO3ULIMOHHBI MaTepuan, MoOPUCTOCTb KOTOPOro C POCTOM KOHUeHTpauun Ni oo
50 % ymMeHbLUMNach NpakTnieckn oo Hyns. B cnyyae pasmelteHmsa Ni-Bprketa Mexay ABYX NpeccoBaHHbIX 6prkeToB CBC-LmnXThI
yAaBanoCh pacrniaBuTb CPABHUTENLHO HEDOMbLIOE KONMYECTBO HUKeNs (23-29 % oT Macchl 06pa3L0B CUHTE3NPYEMbIX KOMIMO-
31TOB), KOTOPOrO HEe XBAaTano AJ19 NOJSIHOrO 3aNONHEHNS MOPUCTLIX CIONCTLIX kKapkacos TizSiC,. Mpu nobasneHnn B Ni-6puket 20 % Si
yBenmMymBanach rnyouHa NnponuTkn, CHMXanach cteneHs gerpagaunm MAX-dasbsl B MecTe nponuTtkn, dopmuposarncs 6onee oa-
HOPOAHLINA KOMMO3MLMOHHBIV MaTepuan, CoCToALLMi u3 nopuctoro kapkaca ¢as TiC, TiSi, u TizSiCy, 4acTUYHO 3aN0NHEHHbIX Me-
TanIn4yeckmum HUKesiem npu nHounstTpauum pacnnaea Ni(Si).
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Amosov A.P., Latukhin E.l., Ryabov A.M.
SHS process application in TizSiC,—Ni composite fabrication

The paper reviews the results of using the process of self-propagating high-temperature synthesis (SHS) to obtain high-temperature
nickel alloys and composites based on titanium carbide (TiC) and nickel. In order to reduce the brittleness of these composites, it
was proposed to replace the TiC ceramic phase by the MAX phase of titanium silicon carbide (Ti3SiC,) and use the SHS process to
obtain a TizSiC,—Ni skeleton composite. Nickel for Ti3SiC, skeleton infiltration was introduced in three variants: by introducing to
the reaction mixture; in the form of a briquette located between two SHS charge briquettes; and similar to the second variant, but
with the barrier layers of paper between the Ni and SHS charge briquettes. It was shown that Ni melt in all three variants prevents
the formation of the titanium silicon carbide MAX phase thus leading to its degradation. Ni introduction into the reaction mixture
according to the first variant made it possible to obtain a homogeneous composite, which became almost non-porous with an
increase in Ni concentration up to 50 %. When the Ni briquette was placed between two compacted briquettes of SHS charge, it
was possible to melt a relatively small amount of Ni (23-29 % of the mass of synthesized composite samples), which was not enough
to completely fill the porous layered skeletons of Ti3SiC,. 20 % of Si added to the Ni briquette increased infiltration depth, lowered
the degree of MAX phase degradation at the infiltration point, and formed a more homogeneous composite consisting of a porous
skeleton of TiC, TiSi, and Ti3SiC, phases partially filled with metallic nickel during Ni(Si) melt infiltration.
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CamopacnpocTpaHsoLLMACS BbICOKOTEMIEPATYPHbIA CHHTE3

BeepeHue

B Hacrosmee BpeMst HUKEJIEBbIC CILIABHI SIBISIOTCS
OCHOBHBIM XKapOMNpOYHbIM MaTE€PHUAJIOM JIJIsI U3TOTOB-
JIeHUsI HauOoJiee OTBETCTBEHHBIX AeTalieil ra3oTyp-
OMHHBIX IBUTATCICH W SHEPTreTMUYECKUX YCTaHOBOK
U OCTAIOTCSI MIEPCIEKTUBHBIM MaTepUaoM IS JaJib-
HEHIIIero yCOBEPIIeHCTBOBAHUSI 1 MCIOJb30BaHUS B
onmxaitmem oymnymieM [1—4]. Ho TpagmmmroHHOE Je-
TMPOBaHUE 3TUX CIJIABOB TAKUMU 2JIEMEHTaAMU, KaK
W, Mo, Cr, Co, Hf, Ti, Nb, nmonHocTbIO cebs ncuep-
Imajjo, YCTYIIMB JICTUPOBAHUIO OCTPOACOUIIMTHBEIMU
3JIeMEHTaMU, B MIEPBYIO oUyepelb peHUEM, IPUTOM UTO
Poccus nmpakTudecku He UMeeT MPUPOTHBIX UCTOUHM-
KOB peHmiiconepxamero ceipbs [3, 4]. JlermpoBaHue
JIOCTUTJIO TAKOTO Mpeesa, YTo CHU3UIach 3¢ heKTUB-
HOCTb TOMOT€HU3ALIMU CIMTKOB BCJIEACTBUE NIEHIPUT-
HO 1 30HAJIPHOI HEOMHOPOTHOCTH, BOSHUKHOBCHU ST
MOP, PHIXJIOT U MUKPOTPEILIUH, TIaCTUYHOCTDb CIUT-
KOB 3HAYMTEIbHO YMEHBIIMJIACh, YTO TPUBEJIO K Pe3-
KOMY YBEIUYCHUIO TPYIOEMKOCTH MX IIPOU3BOICTBA
U pacxomy MeTajja, CTajJo MPEensTCTBUEM Ha MyTU UX
ITPOMBIIIIJIEHHOT'O OCBOCHMU 1.

Ilepexom K TEXHOJOTMM ITOPOIIKOBOW (TpaHyIb-
HOI) MeTaJUIypruu IO3BOJUJ B OIpPENeJeHHON Me-
pe m30exkarb yKa3aHHBIX HEIOCTaTKOB, 00ECIIEUYUTh
BBICOKUII YPOBEHb TOMOTCHHOCTH, TIPOYHOCTHBIX
CBOMCTB, KO3(pdUIIMEHTa UCIMOJb30BaHUS MaTepua-
Jla, 0OAHAaKO 00yCJIOBUJI HEOOXOAMMOCTb OpraHU3aluu
CIIOXXHOTO TPOM3BOICTBA BHICOKOKAYCCTBEHHBIX IIO-
POILIKOB XXapOMPOYHbIX HUKEJIEBbIX CIJIaBOB, B LIEJIOM
TOBBICUJI CTOMMOCTD ITPOU3BOACTBA U3NEIUN U3 ITUX
craaBoB. IlepcreKTMBHBIM HaIpaBICHUEM SIBIISICTCS
TaKXe pa3paboTKa MHTEPMETATINYSCKUX HUKETEBBIX
CMJIAaBOB Ha OCHOBE MHTEpPMETA/JIMUECKHUX COEIM-
HeHuil Hukenst NizAl u NiAl. [lanbHeiinuii npopeiB
B 00JJacTU >XapONPOYHBIX HUKEJIEBBIX CILJIABOB CBSI-
3bIBAETCS C METaJUIMYECKUMHU KOMIIO3UIIMOHHBIMU
Matepuagamu (MKM) ¢ Marpuiieit Ha OCHOBE HUKE-
JIg — Kak ¢ 3BTeKTuYeckumMu MKM ¢ B3auMonpoHu-
KalollMM apMUPYIOIIUM KapKacoM U3 HUTEBUIHBIX
KPHCTAJIOB KapOUIOB TYTOILIABKUX METAJIJIOB, TaK U
¢ nucnepcHo-ynpouyHeHHbIMU MKM c apmupymoniei
azo0if U3 YaCTUILl OKCHUIOB TYTOIJIAaBKUX METaJIJIOB.

JloCTOMHBIN BKJIaJ B pellleHMEe YKa3aHHBIX IpPoO-
07eM pa3BUTHUS XapPOMPOUYHBIX HUKEJIEBBIX CIJIaBOB
MOXXET BHECTH MCITOJIb30BaHME MOCTUXEHUM TEXHO-
JIOTUM CaMOpPacCIIPOCTPAHSIONIETOCS] BBICOKOTEMIIE-
patypHoro cuHTe3a (CBC), uiu cuHTe3a ropeHueM,
COBPEMEHHOE COCTOSIHUE KOTOpOM IO pa3padoTke
MePCIIEKTUBHBIX MaTePHAJIOB M IMMOKPBITUH ITPEICTaB-

JieHo B 003ope [5]. Haubonbiiue oxXxuaaHus CBsI3aHbI
¢ pa3paborkamu no CBC-MeTannyprum, oCHoBaHHOI
Ha CXXUTaHUU METAaJIJIOTEPMUTHBIX CMeCel TIOPOIITKOB
OKCHUJOB D3JIEMEHTOB C METaJlJIOM-BOCCTAHOBUTEJIEM
Al, obpa3zoBaHMHU XUAKUX IIPOAYKTOB ropeHus (pac-
IIJIaBOB) U UX (ha30pa3aesIecHUH IO IeCTBUEM I'paBH-
TallMOHHBIX MJIM LEHTPOOEeXHBIX cui [6—9]. Takum
METOIOM TTOJYYEHBI CIUTKM KapOIIPOUHBIX HUKETE-
BbIX ciiaBoB JKC6Y u XTH 61 ¢ Goiee roMoreHHOI
CTPYKTYPO#l U MEJIKUMH BKJTIOUEHUSIMU KapOWIOB 1
WHTEPMETAJINAOB, YeM Yy OJTHOMMEHHBIX IPOMBIIII-
JICHHBIX CIUIABOB; CIMTKH KOMIIO3UTA C MHTEPMETAa-
ymaeckoit MaTpuiein Ni—Al (mac.%: Ni — 52,0; Al —
22,4; Co — 16,9; Cr — 4,0, Mo — 4,0; Ti — 1,4, B —
0,05; Zr — 0,05), B KOTOpO¥ paBHOMEPHO pacmnpeaeie-
HbI OKPYIJIbIe BKJIIOYEHHU ST KapOMI0B XpoMa M TUTaHa;
CIUTKM WHTepMeTaaindeckoro cruiaBa NiAl—Cr—
Co—Hf ¢ nocaenyromuMy MHIYKIITMOHHBIM TIepernia-
BOM U TIJTa3MEHHBIM LIEHTPOOEXHBIM PacbIJICHUEM B
chepuyeckue nopomku pasmepom 40—150 MxM, mos-
HOCTBIO YIOBJIETBOPSIIOIINE TPeOOBAHMUSIM TEXHOJIO-
TUii TPAaHYJIBHOW METAJTyPTUH U agJUTHBHOTO MTPO-
n3BoactBa. CBC-MeTannyprus 1mo3BojisieT CHU3UTH
BpeMSI M3TOTOBJICHUS KapOIIPOUYHBIX MaTepHUaJiOB,
MMPUMEHSATDH MPOCTOE BHICOKOTEMIIEpaTypHOE 000pYy-
IIOBaHNWE M MUHUMU3NPOBATH MOTPEOJICHUE DHEPTUU
10 CPAaBHEHUIO C TPAAUIITMOHHON METaJITypTrueil 3Tux
MaTepuasioB.

OTMeYEeHHBI BBIIIE JUTOM KOMIIO3UT C WHTEp-
MeTanauyeckoin wmarpuueit Ni—Al sgBasercda nuc-
MEePCHO-YIIPOYHEHHBIM YacTUIlaMU KapOUIOB Xpoma
¥ TUTaHa ¢ HeOOJNbIIUM MX KoaudecTBoM (Cr — 4,0,
Ti — 1,4 Mmac.%), 4TO SIBJIsIETCS OTpaHUYEHUEM XU~
kodazHoit CBC-MeTaJu1ypruu, Tak Kak Impu 00J1bILIOM
colepXXaHWU apMUpyloleit has3bl TepsIeTCsS TEKYIECTh
pacmraBa. M3BecTHO, 4TO MeTaJIOKEpaMUIECKHE
koMno3utel (MKK) MoxHO pa3duTh Ha nBa BuUIA:
KapkacHble 1 MaTpuuHble. KapkacHeie MKK cocTosiT
W3 IBYX B3aMMOIIPOHUKAIOIINX HEITPEPHIBHBIX KapKa-
COB — METaJUIMYECKOTO ¥ KepaMMYEeCKOIro, a MaTpui-
HbI€ — 13 HENPEPHIBHON METAJJIMYECCKOM MAaTPULIbL 1
MIPEPLIBUCTOM, paclpeneicHHON B MaTpHlle KepaMu-
yeckoil ¢a3bl B BUJE MTMCIEPCHBIX YaCTHII, BOJOKOH
nnu cioeB [10—12]. 2KecTkmit KepaMu4ecKuii KapKac
TP OOJIBIIOM 00BEMHOM COIEPKAHNU KepaMUUeCKOMN
¢a3bl obecrieurMBaeT TakKye MpeuMyIlIecTBa, Kak JIyd-
11asi U3HOCOCTOMKOCTh M BO3MOXHOCTb COXpaHCHUS
HecyIel CIIOCOOHOCTH TP BHICOKHMX TeMITepaTypax,
MPUOJMKAIOIIMXCS K TeMIlepaType IUJIaBICHHUS Me-
tannaa. Eme B 1980-x rogax ObLJIO MOKa3aHO, YTO IIPU
TePMOBaKyyMHOI 00pabOTKe 1 CKMTAaHWHU IIMXTOBBIX
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3aroTOBOK B TEPMOBAaKyyMHOI KamMepe MOXHO MOJIy-
YUTh ITOPUCTHIC KapKaChl M3 pa3JMYHbBIX TYTOIJIaBKUX
coennHeHUM, B ToM yucie TiC, ¢ TOpUCTOCTHIO TO-
psaaka 50 % u ripouHocThio B 1,5—3,0 pasa Goblei,
YeM y aHaJIOTUYHBIX CIIEYEHHBIX MaTeprajoB TOI Xe
nopuctoctu [13]. OOBSICHANIOCH 3TO TEM, YTO OYEHb
Beicokue TeMnepatypbl CBC 1 caMoouncTKa OT Mpu-
Mecell MpUBOISIT K 00pa30BaHUIO CUJIBHBIX CBsI3ei
MEXIy YacTHIIaMHU NPOAYKTOB TOPEHHs, MX CBapKe
¢ (opMupoBaHueM mopuctoro kKapkaca. [Iponmutka
(uHpunpTpanms) nopucroro kapkaca TiC pacriaBoM
KapoIpoyHoro Hukeneporo crasa XKC6Y npu tem-
nepatype 1450 °C B TeyeHue 20—25 MUH MoO3BoOJIMIIA
MOJIYYUTh 00pa3libl MeTaJJIOKepaMHUIECKOIro KapKac-
HOTO KOMIIO3UTa, Ipeaesl TeKYy4eCTH KOTOPOIO IIpH
t= 1100 °C npeBbicUJI B 2,5 pa3a aHaJOTUYHBIN MOKa-
3aTeb ciiaBa 2KC6OY.

IIpuBenem ere nBa 60Jiee COBpeMEHHBIX IIpUMepa.
ITpu usroroneHuun kapkacHoro kommnosuTta TiC (70—
80 mac.%) / NizAl (30—20 mac.%) cHavasia CAHTE3UPO-
Basu Kapkac TiC metomom CBC, a 3aTeM o 0O0bIYHOI
TEXHOJIOTUU TPOBeIU MHGIUIBTPALUIO KapKaca pac-
miaBoM NizAl nipu 7 = 1450+1550 °C 3a 40—240 muH
6e3 mpuiioxeHus gasieHus [14]. TlopucTteii Kapkac
C OIHOPOTHOUW CTPYKTYpPOW W B3aUMOCBSI3aHHOU MO-
PUCTOCTBIO M3 MHTEPMETaJUIMYECKMX COCIMHEHUN
cucteMbl Al—Cr 6b11 cuHTe3upoBaH MetogoM CBC ¢
HarpeBOM B MUKPOBOJTHOBOM TIEU U, a 3aTeM ITPOTTUTHI-
BaJics pacrjlaBaMM aJIIOMUHUS U MEAU 110 TEXHOJOT UK
JIUThS ToA naBjeHueM [15]. B mpuBeneHHBIX TpuMe-
pax npouecc CBC MopUCThIX KepaMUYECKUX KapKa-
COB BBITIOJTHSIJICSI Ha TIPOCTOM OOOPYIOBaHUHM 3a KO-
POTKOE BpeMsI U ¢ HU3KUM 3HEProIoTpedIeHrueM, HO
9TO ObLJIa TOJIBKO NepBas CTaAUus ABYXCTaAUWHON TeX-
HOJIOTUU TIOJIyYEeHU ST KapKacHbIX MeTaJlJIoKepaMuye-
CKUMX KOMITO3UTOB. Bropasi ctranust — nHbUIbTpaus
KapKaca — OCYILECTBJIsJIach JJIUTEIbHOE BpeMs TpU
BBICOKHUX TeMIIepaTypax, T.e. Ip1 00JIbIIIOM SHEPIOMO-
TpeOJeHUU 1 Ha 6oJiee CJI0)KHOM 000pyIOBaHUMU.

TpanuMoHHAs TEXHOJOTUS TMOJIyYeHUs KapKac-
HbeIX MKM sgaBasieTcsa nByxcTaauiHONM: cHayajaa my-
TeM HETIOJTHOTO CIIeKaHUS M3TOTaBINBAIOT MOPUCTHIN
KapKac U3 KepaMUKH, a 3aTeM OCYILECTBJSIOT MpPo-
MUTKY KapKaca pacIllaBOM MeTaJjljla WM ero crJjasa.
JByxcTanuitHasi TEXHOJIOTUSI TpeOyeT OOJIbIINX SHEP-
ro3aTpatr U JOPOroCTOSIIEero 060pyTOoBaHUS HE TOJIb-
KO JJIs TOJIyYyeHHsI KapKaca, HO 1 JJIs1 pacIllaBJIeHUs
MeTaJlJIa ¥ IIpoliecca MPOIMTKU. B 3Toi1 cBsI3M 1JIsT 10~
JydeHus1 kapkacHbix MKM 3acinyxuBaeT BHUMaHUS
HCCJIeIOBaHWE BO3MOXHOCTU MPUMEHEHUSI OMHOCTa-
nnitHoit TexHosoruu CBC, B koTopoii nmporecc CBC

HCIIOJIb3YeTCs KaK Al U3TOTOBJIEHUS KEpaMUYECKOI0
MMOPHUCTOTO KapKaca, Tak W, OMHOBPEMEHHO, IJIsl pac-
MJIaBJICHUS METajljla, KOTOPEIM IIPOIMUTEIBAETCS 3TOT
kapkac. IIpu atom CBC-kapkac MOXET UMETb MOBBI-
IIEHHYIO TIPOYHOCTH MO CPABHEHUIO C aHAJOTUYHBIM
CIeYeHHBIM KapKacoM. Takast omHOCTaguiAHASI TEXHO-
Jorusi CBC BnepBble Oblia IpuMeHeHa B 1975 r. npu
W3YYEeHUHU BO3MOXHOCTHU TOJTYYSHUSI KOMITO3UIIMOH-
HBIX MaTepuajoB B peXMMe TOPEHUS, KOTJa CXKHTa-
Jack cMech nopoiikos (1 — x)(Ti + 0,7C) + x(0,9Mo +
+ 0,1Re), B KoTOpoO#l comepKaHWE METaJLINIECKOI
CBSI3KM X MEHsUIOCh oT 5 mo 50 mac.% [16]. IpoxykT
TOpPeHUsI MO COCTaBy IMPEACTaBISII COOOW TBepAbIA
cnnap TiC ; —Mo(Re), koTopbiii mpu x > 25 % conep-
KaJl Takxe npumecb Mo,C. DTo ucciaenoBaHue Bbl-
SIBUJO IIaBHBIM HegocTtaTok Metona CBC — 3Hauu-
TEJbHYIO MOPUCTOCTb CMHTE3UPYEMBIX KOMIIO3UTOB,
IS YMEHBIICHUSI KOTOPOM OBLIO IPEIIOXEHO Code-
TaTh CBC ¢ BBICOKUM JaBJIeHUEM ra30BOM Cpeabl, UIU
C CUJIOBBIM KOMMAKTHUPOBaHUEM, UJIU C NEHUCTBUEM
LEeHTPOOECXKHBIX CUJI B LICHTpUDYTE.

B nmanbHeiieM Obla pa3paboTaHa OJHOCTAAMIA-
Hast TexHosiorus cuyjoBoro CBC-kKoMnakTHUpoBaHU S
LIS TIOJTY9eHHSI OMHOPOIHBIX M PYHKIIMOHAJIBHO-Tpa-
IVUEHTHBIX W3O 13 0e3BOJIb(PPAMOBBIX TBEPIBIX
CMJIaBOB C OOJBIIMM colepXKaHMEM KepaMUUYeCcKOu
da3swl (ot 50 10 94 Mac.%), BO MHOT'HX Clly4asix Ha OC-
HOBe KapOuga ThuTaHa ¢ Hukeaem [5, 13, 17]. B aroit
TEXHOJIOTUM ITIOPOIIOK METaJIMYECKON CBSI3KU WU
BBOIWJICSI B ICXOMHYIO CMECh PEareHTOB (IMUXTY) IS
CBC kepamuueckoii da3bl, UM pacrnojarajics B BU-
JIe OTACJIBHOIO METaJJIMYECKOIOo CJIos, IIpUjerarolie-
IO K CJIOIO ITMXTHL. B ITepBoM cilydae MeTaIMIeCKUA
nopowok 1aaBuiaca B npouecce CBC u ocraBajics
BHYTPM 00pa3ylolIerocs MOpUCTOTO KepaMHUYECKOIo
Kkapkaca npoayktoB CBC. Bo BTopoMm ciiyyae MeTal-
JIMYECKUI CJTON pacriaBJIsIICd OT TEIJIOBBIACICHUS B
LIMXTOBOM CJIO€ U TIPOMUTHIBAJI IOPUCTHIN KepaMuye-
ckuit kapkac mponyktoB CBC, chopmupoBaBmmiicsa
Ha MeCTe COCEIHEro IIMXTOBOTO CJIOS, IO IECHCTBU-
eM KalUJUISIPHBIX CUJI CMauyMBaHUS UJIM/U TaBJICHUS
KOMIIaKTHPOBaHMUSI.

Metonom cunoBoro CBC-KoMImakTUpoOBaHUS W3-
roTaBJAMBAJUCh CHUHTETHMYECKHE TBEpIble HMHCTPY-
MeHTanabHble MaTepraibl Mapki CTUM ¢ BEICOKUMU
MJIOTHOCTBIO U TBEPAOCTHIO, HO MaJION TIACTUYHO-
CTBbIO U BBICOKOI XPYNKOCTBIO, HE IIPUTOIHbIC M3-3a
3TOT0 B KaY€CTBE KOHCTPYKIIMOHHBIX XapOIMPOUYHBIX
MaTepuajoB, HaIIpUMep, B Ta30TYPOMHHBIX IBUTATE-
JISIX, TOe MaTepuajbl AOJXKHBI 00JaaaTh BBICOKUMU
TPEIIMHOCTONKOCTBIO M YIApHOM IIPOYHOCTHIO [4].
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st TaKOTo MMpUMEHEeHUST HYKEeH KepaMUUYeCKH I Kap-
Kac He U3 BBICOKOTBEPAOro, oueHb xpynkoro TiC, a u3
0oJiee TIIACTUYHOTO, BSI3KOTO KepaMUYECKOTO MaTe-
puajia, HanpuMep u3 MAX-da3ssl.

ITon MAX-da30ii moHMMaeTcs TPOilHOE Coemu-
HeHue, oTBevarouiee popmyne M, AX,, ¢ rekcaro-
HaJbHOW TJIOTHOH yIaKOBKOM, rae M — nepexoaHblit
MeTajs, A — 3JeMEHT A-MOATPYNNbI TAOJUILI MeH-
nmeneeBa, X — yriepon uian a3ort [18]. B MAX-da3zax
COYeTaloTCsl JIyylliMe CBOWCTBa METaJOB M Kepa-
Muku. Kak MeTayyibl OHM 3JIeKTPO- U TEIJIOIPOBOI-
HBI, CPaBHUTEJIbHO IIJIACTUYHBI, MMEIOT BBICOKHIA
YPOBEHb TPEIIMHOCTOMKOCTU U TEPMOCTOMKOCTH,
oOpabaTsIiBatoTcs pe3danueM. Kak kepaMuka oHU 00-
JIagaroT HU3KOM IJIOTHOCTHIO, BBICOKMMH MOIYISIMU
VIIPYTOCTHU, XApOCTOMKOCTHIO M KapOIPOYHOCTHIO.
MAX-(pa3sbl mmojiyyaoT pa3HbBIMM CIIOCOOAMU, Cpeau
KOTOPHEIX Hamboyiee MPOCTHIM M HamMEHee SHEepro-
3arpaTHbIM sBAsieTca CBC. DTuM cnocoboM CHUH-
Te3upoBaHbl MAX-(a3bl B XMMHMUYECKUX CHCTEMax
Ti—C—Al (kap6oamomununsl Ti,AlC u Ti;AlC,) u
Ti—C—Si (xapoocummuuun TizSiC,) [19—23]. Ecam
cpaBHUTH NpouyHOCcTh MAX-(pa3 Ha u3rud, To camoit
npouHoit Oyzmet ¢dasza TizSiC, (306—460 MIla), me-
Hee npouHbiMu — (assl TizAlC, (170—340 MIla) u
Ti,AIC (275 MIla) [17]. Haubonee repmuyecku cra-
o6unbHa u3 Hux ¢asa Ti;SiC,, y KoTOpOIi Temmnepary-
pa pasnoxeHus cocrapiset 2300 °C 1 MOXeT MOHU-
XKaThCs TpU Hanuduu npumeceit. Kapbocunuuung
tutana Ti3SiC, B KOMIAaKTHOM OJHO(pA3HOM COCTO-
STHUM, W3TOTOBJISIEMBIN TJIABHBIM 00pa3oM TOpSIYUM
MMPECCOBaHUEM, BBIACISCTCS BHICOKMMU 3HAYEHUSIMU
Monmyineit ynpyroctu u casura (330 u 135 I'lla), ume-
€T BBICOKYIO TPEIIMHOCTOUKOCTh (4—7 Ml'[a~M_0’5),
XOPOILO IMTPOTUBOCTOUT TEPMOYIAPY, XKAPOCTOMKUN 1
xaponpodHbiii (1000—1300 °C) [24]. Ha ocHoBaHum!
9TuX maHHbIX MAX-daza kapbocuaunuaa TuUTaHa
Ti;SiC, Oblia BbIOpaHa B HacTosLLEH paboTe IS UC-
ClIeIOBaHM S BO3MOXKXHOCTH UCIIOJIb30BAHU S IIPOCTOTO
sHeprocoeperawpniero npouecca CBC anst ogHocTa-
JNUIHOTrO MOJy4YeHU ST KapKacHOro MeTajlJloKepaMuye-
CKOro Komnosura ¢ Hukenesoit cBsi3kKoil TizSiC,—Ni
U3 CPAaBHUTENILHO HEJOPOTUX IMOPOIIKOB COCTABIISIIO-
IIMX €ro 3JIEMEHTOB, KOTOPBIil MOT OBl CTaTh OCHOBOM
HOBOTO HUKEIbKEpaMHMUYECKOI0 MaTepuajia C ITOBBI-
IIEHHOM XapompoYHOCThIO TIPpU MaJjoil Macce (TIJI0T-
HOCTb Kapbocuiuuuga TutaHa (4520 Kr/M3) B 2 pas3a
MeHblIIe TI0THOCTH HuKest (8900 kr/m>)).

Heobxonumo otmetutsh, uTo B 2005 r. mpenmnpu-
HUMaJIach MONBITKA MOJAy4YUTh KOoMNO3UT Ti3SiCy,—Ni
METOJIOM TPAAUILIMOHHON MOPOILIKOBOM METAJLIYPIUH,

OIHAKO €€ HeJIb3s MpU3HaTh yaauHoi [25]. Ilopomok
Ti;SiC,, conepxamuit 7 06.% npumecu TiC, cmemu-
BaJsicst ¢ mopouikoM Hukenst (10—40 mac.%), npecco-
BaJicd o aasaeHueM 100 MIla u cniekascst B BaKyyMme
mpu Temneparype 1450 °C B reuenue 90 muH. CrieyeH-
HBIe 00pa3lbl KOMIIO3UTA MOJYIMINCh CO CIOMUCTOM
TMOPUCTON CTPYKTYpOi. AToOMbI Ni MUTPUPOBAJIU MO
HampaBJICHUIO K TOBEPXHOCTHU, (hOPMUPYS MOBEPX-
HOCTHBIM CJI0M MeTaJUIMYeCKOro 3KcymaTa HeOOIIb-
woit nmopuctoctu ¢ yacrtuuamu Ti3SiC, n TiC. Ilon
HUM HaXOAUJICS MPOMEXYTOUHBII CJIOil ¢ Oojbliueit
MOpHUCTOCTRHI0. HakoHell, BHYyTpeHHSSI 9acTh o0pa3-
1IOB coJiepxkKajia OYeHb MaJIo HUKEJS U MpeAcTaBsiia
c000i1 BBHICOKOIIOPUCTYIO CTPYKTYpPY U3 CJIerKa Crie-
yeHHbIX yacTull TisSiC, u TiC. Takas cBoeobpasHas
HEOIHOPOAHAs CJIOMCTasi MOPUCTasi CTPYKTypa oopas-
1I0B ObIJIa OOBSICHEHA TJIOXOM CMauMBaeMOCTBIO MEX-
ny TizSiC, u Ni B ycl10BUSIX U3TOTOBJIEHUSI KOMIIO3UTA
Ti;SiC,—Ni. BbuIo TakXe BBICKa3aHO IPEIIOJIOXKe-
HHUeE, YTO IJISI JOCTUKEHUST OMHOPOIHOM CTPYKTYPHI U
BBICOKHX MEXaHNYECKUX CBOMCTB KOMITO3UTa HEOOXO-
JIMMO B UCXOAHYIO CMECh ITOPOIIKOB BBECTU COOTBET-
CTBYyIOIIIME N00aBKH IJI51 CTIEKaHM I, KOTOPBIE yaydIiaT
CMaYMBaeMOCTh U B3aMMOIEHCTBUE HA ITOBEPXHOCTH
koHTakTa Ti3SiC, u Ni. B cBsA3u ¢ 3TUM gBIdeTco aK-
TyaJIbHbIM HMCCJIEIOBaHUE BO3MOXHOCTU M3rOTOBJIE-
Husl komnosuta TisSiC2—Ni B ycinoBusix mpouecca
CBC, npotekalomiero npu 0oJiee BBICOKOU TeMIle-
partype, 4TO MIOJKHO CIIOCOOCTBOBATh YJIYYIIEHUIO
cmaumnBaHus Kapkaca TisSiC, HuKeneM, Tak Kak Mpu
TTOBBIIIEHW Y TEMIIepaTyphl CMauMBaeMOCTh HUKEJIEM
KepaMuyeckoil ¢asbl, Hampumep TiC, ynydinaercs
[26]. Kpome TOrO, BaxKHO OBIJIO MCCIIEN0BATD BIMSTHUE
JITUPOBAHUS HUKEJIS KPEMHHWEM Ha BO3MOXHOCTH
MOJIyYEeHHU I MeTaJJIOKepaMUYECKOI'0o KOMIIO31Ta B yC-
nosusix CBC.

MaTepuanbl U MeToAbl AKCNepuMeHTa

Jnst ucciienoBaHUsT UCIIOIb30BAINCh CIIEAYIONINe
MaTtepuabl: nopoiok TutaHa Mapku I[1TC (uucrto-
ta 97,95 %'; cpennuit pasmep vactuu d = 100 MKM),
MOPOIIOK HUKeJsA KapooHuasHoro IMTHK-1JI8 (99,7 %;
d < 20 Mxm), mopoimok kpemuus Kp0 (99,1 %; d =
= 5 MKM), yriepoa Texnudeckuii mapku I1-701 (99,7%;
d = 70 HM, cpenHUI pa3Mep arjoMepaTtoB 1 MKM).
s ynajieHus Bjaru MCXOQHBIC TTOPOIIKY MOABEpra-
i cymke npu ¢ = 60+70 °C. CmemBaHue MOPOIIKOB

! 3nech u nanee Mmac.%.
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IIPOM3BOAMNIN B IIapOBOM MEJIBHUIIE B TeueHUe 1 U.
Hns cunresa TizSiC, npumensau muxty CBC, npen-
CTaBIISTIONIYIO COOOM MCXOAHYIO CMECh TTOPOIIKOB TH-
TaHa, KpEMHUS U yriepoaa (caXku) ¢ COOTHOIICHUEM
kommnoHeHToB 3Ti + 1,25Si + 2C, Tak KakK paHee nmpo-
BeIIeHHBIC MCCIIeTOBAaHUS MMOKAa3aJIM, YTO B IIpOLecce
CBC npoucxoauT MUHTEHCUBHOE UCTIapeHe KPEMHUS
1 U30BITOYHOE COAEpPXXKaHME KPEeMHHUS CIIOCOOCTBYET
TMOBHIIICHNUIO comepxxaHust MAX-da3pl B IpogyKTax
cuHTesa [22, 27].

M3 mopomrkoBbIX cMeceil OMHOCTOPOHHUM IIpec-
coBaHMEeM (DOPMOBAIN IIMXTOBBIE OPUKETH B (hopMe
mummHIpa & 23 MM Maccoit 10 T 1 &40 MM Maccoi
20 r. ITopucToCcTh WIMXTOBBIX OPUKETOB COCTaBJIsIIa
~50 %. OnbITH IPOBOAUIN B 3 BapuaHTax. B BapuaH-
Te I mopoiiok HuKes 106asisiv B CBC-muxTty u uc-
MOJIb30BaJIN IIIMXTOBBIE ITPECCOBAHHBIEC TTOPOIIKOBBIC
o6pukeThl n3 cMeceit cocrtasa (100 — x)(3Ti + 1,25Si +
+2C) +xNi, rme x =0, 10, 20 u 50 % — conmepxXaHue HU-
KeJsisi. B BapuaHTe 2 OTOEIbHO TIPeCcCcOBaIv MOPOIIKO-
Bble OpUKETHI U3 HUKEJISI Maccoil 6 u 8 T B ipecc-¢op-
Me 23 MM, a TakKxXe Maccoil 12 T B mpecc-popMe
& 40 MM, KOTOpBIE 3aTeM pacriojiarajJy MeXay AByMs
muxToBeIMU Opuketamu 3Ti + 1,25Si + 2C maccoit
10 r kaxaplii 1uid & 23 MM 1 Maccoil 20 T KaXIbIi 115
@40 mm (puc. 1).

st mcciiemoBaHUSI BIUSTHUS JISTUPOBAHMS HU-
KeJdsd KpeMHHEM TaKXe IpPeccOBad ITOPOIIKOBBIC
opukeTsl J40 MM U3 CMECHU TMOPOIIKOB, HUKEIS U
kpemHaNS (Ni— 10T, Si — 2 1), KOTOpBIE IO BAPUAHTY 2
pacroiarajiuch MeXay IBYMSI IMUXTOBEIMUA OpUKeETa-
mu 3Ti + 1,25Si + 2C maccoii 20 T u & 40 mm.

B BapmnaHTe 3 OIBITHI IPOBONMIIN TaK XK€, KaK 1 B
BapuaHTe 2, HO MEXIY IPEeCCOBAaHHBIMU OpUKETaMU
3Ti + 1,25Si + 2C n HuKens pa3Meliaanuch bapbepHbIie
CJIOM U3 OOBIYHON NrcYeit Oymaru.

[IIuxTOBBI OpUKET MO BapuaHTy 1 uin cOOpKy U3
OpUKeTOB 1o BapuaHTaM 2 1 3 TTOMelaau B 3aCHINKY

Puc. 1. Cxema pacmnoyioxkeHu s TOPOIIKOBBIX OPUKETOB

1 — 6pukeTrbl CBC-1MXTHI TS CHHTE3a KapOOCHIUIIMIA TUTAHA
2 — GpUKET U3 TIOPOIIKA HUKEJISI WIIM HUKEIS C KPEMHUEM

U3 MPOCYLIEHHOT0 PEYHOro Iecka Ha TayouHe 15—
20 MM [23]. 3axXuraHue IMXTOBBIX OPUKETOB MPOBO-
JIMJIOCH HUXPOMOBBIMHY 2JIEKTPUIECKUMU CITUPATISIMU
C MOMOIIIbIO 3aIaIbHOI CMecH, MpeACTaBSIoNIEN Co-
60ii Ty ke mmxty CBC, HO B HaCKIMHOM BHJie. 3a CYET
terja peakiuu CBC, MHMUUUPYEMOUl B IIMXTOBBIX
OpUKeTax U MPUBOASIIEH K 00pa30BaHUIO TOPUCTOTO
kapkaca Ti3SiC, B aTux OpukeTax, HUKeIb (U4 HU-
KeJIb C KPEMHHMEM) B CpeHEM OpHMKeTe HarpeBaJic,
TUIABUJICSI ¥ MOT MPONUTHIBATH TTOPUCTHIC MPOLYKTHI
peakIu1 BEPXHEro U HUXKHETO OPUKETOB MU TOJIBKO
omHOro 13 HUX. [Tociie OCTRIBAaHMS TTOJYYaINCh BEPX-
HMI M HUXXHUH 06pa3ubl komnozuta Ni—Ti351C, nnun
Ti3SiC,, ecau NpoNnUTKH He ObLIO.

®a3zoBrlil cocTaB mpoaykToB CBC m nx mpomnmt-
KM pacIrijlaBOM HUKEJs ONMpenesisiiu METOAOM PEHT-
reHodaszoBoro aHanusa (P®A). CbeMKy peHTIeHOB-
CKMX CIIEKTPOB IIpOBOAMIIN Ha nudpakTomeTpe «ARL
X’trA» («ThermoScientific», IIBeituapus). Mcrnob-
3o CuK-u3ayueHue IPU HENPEPBIBHOM CKa-
HHUPOBaHUM B MHTepBaJie yrioB 20 ot 5 mo 80 rpax co
CKOpoCThIO 2 rpan/mMuH. UcciienoBaHue MUKPOCTPYK-
TYDBI OCYIIECTBJISIIA Ha CKAHUPYIOIIEM 3JIEKTPOHHOM
mukpockore (COM) «Jeol JISM-6390A» (JEOL Ltd.,
Anonus). JlokadbHBIA XUMUUYECKUI COCTAB MaTepu-
ajla CMHTEe3MPOBaHHBIX 00pa3II0B OIPEIeIsIIu METO-
JIOM JIOKQJIBHOTO PEHTI¢HOCIIEKTPAaJhbHOIO aHAIN3a C
nomolibio npuctaBku «Jeol JED-2200» nHa COM «Jeol
JSM-6390A».

Pe3ynbTatbl 3KCNEepUMeEHTa
n ux obcyxaeHune

B mepBoM BapmaHTe 3KCIIEPUMEHTOB UCCIIEIOBATIN
HEMOCPeICTBEHHOE BO3JEMCTBUE HUKES Ha MPOoLece
cuHresa MAX-@assl TisSiC,, korna mopoioK HUKeNIst
BBOIMJICS B UCXOTHYIO CMECh ITOPOIITKOBBIX PEareHTOB.
Ha puc. 2 npeacraBieHa MUKPOCTPYKTYpa CKOJIOB 00-
pas3IloB KapOOCUINIIMIA TUTAaHA, CHHTE3UPOBAHHOTO
¢ no6aBkoii 10 % HuKensa 1 6e3 Hero.

Ha ocHoBaHuM paHee MpOBEACHHBIX MCCJEIOBA-
HU [23] ©3BECTHO, YTO TJIACTUHBI — 3TO KapOOCUIIN-
LI TUTaHa, a OKPYTJIble YaCTUIEI — KapOuI TUTAaHAa.
M3 puc. 2 BUAHO, UTO BBEACHUE B MCXOMHYIO CMECh
IMOpOIIKA HUKEIS M3MEHSIET MUKPOCTPYKTYPY IIPO-
nykra peakiuu. [Ipu nodasnenuu 10 % Ni (puc. 2, 6)
XapakTepHble macTuHbl MAX-¢a3bl UMEIOT 3HAYU-
TeJILHO MEHBIINH pa3Mep (B 5—9 pas), 4eM B BapuaHTe
0e3 HuKes (puc. 2, a), a caMUX MJIACTUH 3HAYUTETbHO
MeHbllie. KpoMe Toro, BO3pociio KOJMYECTBO METKUX
okpyribix 3epeH TiC paszmepoMm 1—5 MKM.
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Puc. 2. O01wmuii Bua ckojia 06pa3ioB, CHHTE3MPOBaHHBIX U3 IIUXT cocTaBa 3Ti + 1,25Si + 2C (a)

1 90%(3Ti + 1,258i + 2C) + 10%Ni (6)

Puc. 3. O6mwuii BUI cKojia 06pa3loB, CHHTe3UpOBaHHBIX U3 KXT coctaBa 80%(3Ti + 1,25Si + 2C) + 20%Ni (a)

n 50%3Ti + 1,25Si + 2C) + 50%Ni (6)

Ha puc. 3 mokaszaHbl MUKPOCTPYKTYPhI 00pa3loB,
CUHTE3UPOBaHHBIX ¢ JoOaBKkaMmu B muxty 20 u 50 %
Ni. DTU CTpPYKTyphl MpEACTaBIEHBI MpU OOJIbIIEM
yBEJIMUYEHUH, YeM Ha pUC. 2, — 3TO IO3BOJIUJIO 3aMe-
TUTB, 4TO TipH BBeaeHn™ 50 % Ninnactun Ti;SiC, HeT
(puc. 3, 6), aB Bapuante ¢ 20 % Ni (puc. 3, a) ux gocra-
TOYHO MHOrO. OTHU BBIBOIBI COOTBETCTBYIOT PE3Yjb-
TaTaM JIOKAJIbHOTO PEHTTEHOCIICKTPAJIbHOTO aHaIN3a
(puc. 4 v Tabnuna).

Ecau cyauth mo ajJeMeHTHOMY COCTaBy, TO TOY-
ke 001 (cMm. puc. 4) coorBeTcTByeT coctaB TiC—TiNi,
KOTODPBI 3aHMMAET 3HAYUTEJbHYIO YacTh ILJIOINIA-
I U300pakeHrsI MUKPOCTPYKTYPHI Ha puc. 3, 6 U 4,
YTO CBUIETEIBCTBYET O HAJWMYMU WHTEpMETaJlJInye-
ckoit ¢a3pl HUKeNuaa TUTaHa. JlaHHBIE 2JIeMEHTHO-
ro ananuza s touek 002 m 003 orBevaloT crijiaBy
TiC—TiSi,—Ni. OTu pe3yabTaTbl MOXHO OOBSCHUTH

caenytomuM obpaszom. Ilpumenenue npouecca CBC
s noayueHust MAX-gaser TisSiC, uszyueHo nocra-
TOYHO MoApoOHo [21—23, 27—31]. Iloka3aHo, 4YTO 00-
pasoBaHMe KapOocuauuuaa TutaHa B npouecce CBC
ITPOMCXOIUT B HECKOJIBKO CTaaWii: Ha TIepBOil — 00-
pasyloTcs 3epHa TBepaoit ¢as3bsl Kapobuaa TutaHa TiC
U3 3JeMeHTHBIX nopoiikoB Ti u C, a TakxXe pacrnJjas
Ti—Si, Ha BTOpOil — Kpuctamnusyercsa paza TizSiC,
nyTteM nepectpoiiku TiC B pacnnae Ti—Si. Ho 006-
pasoBanue MAX-da3bl Ti;SiC, HaunMHaeTca He cpa-
3y, a CIIYCTS HECKOJBKO CEKYHI II0CJIEC IOSIBIICHUS
dasbl TiC ¥ mpomosixkaeTcsl OT HECKOAbKUX CEKYH/I
0 AeCATKOB ceKyHH. M3-3a ObICTPOro oxjaaxkaeHUs
CBC-npoaykTroB nomHoe npeBpamenue TiC u Ti—Si
B Ti;SiC, 00bIYHO HE ycneBaeT NMPOMTU U KOHEYHbII
nponykT Hapany ¢ TisSiC, conepxut no6oynsle da-
3bl, BkJItovas TiC, TiSi,.

JE—
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AnemeHTHbI COCTaB CMHTE@3MPOBAHHOrO MaTepuana

Touxka Ha puc. 4 C Al Si Ti Ni
001 8,34/27,07 1,10/1,59 4,80/6,67 51,55/41,96 34,20/22,71
002 7,43/23,17 - 17,38/23,17 39,68/31,02 35,51/22,65
003 9,20/29,66 - 5,70/7,85 42,90/34,67 42.20/27,82
[Ipumevyanue. B uncaurene — mac.%, B 3HaMeHarese — at.%.

Puc. 4. Mecra IIPOBCACHU A JIOKAJTbHOI'O pPEHTIT€HOCIICKTPAJIbHOTO aHAJIN3a 06pa3ua, CUHTC3MPOBAHHOI'O N3 IINXThHI

cocraBa 50%(3Ti + 1,25Si + 2C) + 50%Ni

B paccmarpuBaemMoM ciiydyae Hajaumdue HUKEIS C
BBICOKOW pEaKIIMOHHON CIIOCOOHOCTBHIO Ha BTOPOU
craguu B Xuakoi cpeae Ti—Si MpuBOAUT K €ro ak-
TUBHOMY PEarnpoBaHUIO C TUTAHOM M CBSI3BIBAHUIO
B MHTepMeTaindeckyto dasy TiNi, yTo yMeHblIIaeT
KOJIMUYECTBO cuHTe3upyeMoit MAX-da3el. KpoMe T0-
ro, BBeIeHNE HUKEJIS B IIUXTY CHUXKAET TEMIIepaTypy
npouecca CBC, zamennsasa popmupoBanue MAX-gpa-
3bl, a Haanvue atomoB Ni B pacriaBe Ti—Si nmpensiT-
cteyeT npespauieHuto TiC u Ti—Si B Ti3SiC,, B pe-
3yJbTaTe 4Yer0 B KOHEYHOM ITPOAYKTE OCTAIOTCs (has3bl
TiC—TiSi,—Ni. YeM Gosblue HUKEA 1OOABISIETCS B
mmxty CBC, Tem MeHblme o6pasyercss MAX-dasbl.
N3 BBIIIECKA3aHHOTO CJIENYeT, YTO HUKEJb, BBEIEH-
Hbli1 B uxty CBC pae B MaJbIX KOJIMYECTBAX, CHU-
XaeT BeIxogd MAX-(da3el 1 yMeHbIIaeT pa3Mephl ee
TJIACTHH, a 60JIbII0e KoTrudyecTBO HUKes (50 %) npu-
BOJIMT K MOJHOMY OTCYyTCTBUI0O MAX-dha3bl B KOHEU-
HBIX mpoaykTax CBC.

Ecnu mepeiitu oT ha3oBOro cocraBa K CTpyKType
B LI€JIOM OO0pa3lioB CMHTE3UPOBAHHBIX KOMITO3UIIU-
OHHBIX MaTepUaJIOB, TO aHAJIN3 PUC. 2—4 MoKa3bIBa-
€T OTHOPOIHOCTb M TOPUCTOCTb CTPYKTYphI. Takum
obpaszoMm, B ycjoBusix CBC u3 WUXTHI C HUKEJIEM
dopMupyeTcss omHOPOIHAS CTPYKTypa KOMIIO3UTA, B

OTJINYHE OT MOTy9aeMOM B YCIOBUSIX TPaTUIINOHHOU
MOPOIIKOBOI METaJJIypruu C JJIUTEJIbHBIM BaKyyM-
HbIM criekaHueM (1450 °C, 90 mun) [25]. Takoe oTau-
Yre MOXHO OOBSICHUTH OOJBIIMMH TeMIIepaTypaMu
npouecca cuHTesa u3 asemeHToB Ti3SiC, (2100 °C [31]),
yaydiaromumMu cMayuBaeMocTb Ti3SiC, u TiC Huke-
JIeM, a TaKXKe 3HAYUTEJIbHO MEHBIIICH TITUTEIbHOCTHIO
npouecca CBC (ne 6osee 1 muH [30]), 3a KOTOpYIO
HUKEJIb HE YCIIeBaeT MUIPUPOBATh U3 BHYTPEHHEM
yacTu oOpasila Ha MOBEpXHOCTh. [1OpHUCTOCTh CHHTE-
3upoBaHHOro obpasua TizSiC, 6e3 no6aBKU HUKEIS
B IIMXTY cocTaBisgeT mopsaka 40 % [32]. Kak BugHO
U3 puc. 2—4, TOPUCTOCTh CHUXKACTCS MPU ITOBBIIIIC-
HUM CONEePXKaHU S HUKEJIS 3a CUeT YBEJIMUEHU S KOJTH-
yecTBa XUIKoM ¢asel B mpouecce CBC, u ipu 50 %
Ni o6pa3zel] CTaHOBUTCS MPaKTUYECKU OECIIOPUCTHIM,
yTo Takxke oriuyaeT ycaoBuss CBC ot ycinoBuit miu-
TEJILHOTO BaKyyMHOTO crnekaHus. Takum obpas3oMm,
npumeneHue mpoirecca CBC c¢ BBemeHueM HUKENS
B UCXONHYI0 WIUXTY 1 cuHTe3a Ti3SiC, nossonser
MoJy4aThb ONHOPOJAHBIE 00pa3libl KOMITO3UIIMOHHOTO
MaTepuaja, COCTaB U CTPYKTypa KOTOPOTO 3aBUCAT
OT KoJnvecTBa mobaBieHHOro Hukens. [Ipu maiom
ero CoAepXaHWU KOMITO3UT MOJYyYaeTcsl BbICOKOIO-
PUCTBIM CO 3HAYUTEIBLHBIM KondecTBoM MAX-(da3bl
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Ti;SiC,. Ilpu yBeqMueHUU TOIU HUKENS TTOPUCTOCTD
u konuuecTBo Ti3SiC, ymensbwatores, a npu 50 % Ni
KOMIIO3UT CTAaHOBUTCSI MPAKTUYECKU OECTIOPUCTHIM,
HO B HeM oTcyTcTBYeT MAX-da3za TizSiC,.

Bo BTOpOM BapuaHTe 3KCNEPUMEHTOB HUKEIb HE
BBOnUJICS B cocTaB muxTel CBC, a Haxonuics B BUze
MPECCOBAHHOIO MOPOIIKOBOIOo OpuKeTa MeXIy IBYX
npeccoBaHHbIX OpukeToB WUXxThl CBC (cM. puc. 1).
Bo BpeMs cunTe3a MAX-bha3sl OH JOJKEH OBLI 10-
JIOrpeBaThCcsl TEMJIOM XUMHWYECKOW peaklMu ee 00-
Pa30BaHMS U IUIABUTHCS C NaJbHEUIIEH NMPONUTKOM
pacriaBoOM HUKEJST TIOPUCTHIX KAPKACOB CUHTE3UPO-
BaHHOUI MAX-(da3bl B mpuiierarolinx OpukeTax u 00-
pa3oBaHMEM KOMNO3ULIMOHHOro MaTepuana TizSiCy—
Ni. CornacHo MpoBEeNeHHBIM paHee MCCIECAOBAHUSIM,
MopucToCcTh cuHTe3upyeMoro MmetonoM CBC kapkaca
MAX-daszst Ti3SiC, cocraBuser 42 % [32]. Aast mon-
HOTO 3aroJIHEHUS 3TOTO KapKaca B BUAE AUCKa aUa-
meTpoM 23 MM Tpedyercs 14,3 r Hukens. OmHakKo Ta-
KO€ KOJIMYECTBO HUKEJSI HE MOXKET OBITh PACIlIaBJIEHO
teroBbineneHueM CBC ogHoro mmxToBoro 6pukera
maccoii 10 . [ToaToMy ONBITHBIM ITyTeM OBLIIO OMpeae-

Puc. 5. O01muii BusI cioucToro oopasiia KOMIo3UTa
IMaMeTpoM 23 MM, CHHTE3UPOBAHHOTO U3 IBYX
IMUXTOBBIX OpuKeTOB 1o 10 r 1 OpuKeTa HUKES 8 T
MeXIy HUMU

VHTEHCHUBHOCTD, OTH. €]I.

JICHO KOJIMYECTBO HUKEN S, KOTOPOE MOXKET OBbITh pac-
IJIaBJACHO MEXAY IBYMsSI OpUKeTaMU IIUXTHL: 8 T (11
IraMeTpa 23 MM 1 MacChl IIMXTOBBIX OprKeTOB 110 10 T)
u 12 r (g nuamerpa 40 MM U MacChl IIMXTOBBIX 3a-
rotoBok 1o 20 r). DTH KoJM4ecTBa COOTBETCTBOBAJIN
comepxanuio 29 u 23 % Ni B oOpa3Lax KOMIIO3UTOB
nuameTpoMm 23 u 40 mMm. Ha puc. 5 npencrtasiieHa ¢o-
Torpaduss CHUHTE3UPOBAHHOIO CJIIOMCTOrO oOOpa3sla
KOMIIO3UTa TUAMETPOM 23 MM.

W3 puc. 5 BUAHO, 4TO B LIEJIOM CTPYKTypa MOJy-
YEHHOI'0 KOMITO3MIIMOHHOIO MaTepuaja KpaiiHe He-
omHOpoaHa. B pe3ynprare ropeHus Ha MeCTe BEpXHETO
W HUXHETO IIMXTOBBIX OPMKETOB 00pa30BaMCh BbI-
cokomnopuctbie cioucTthle Kapkacsl Ti3SiC,. Hukenb
pacIIaBUJICS M IIPOMUTAJI B OCHOBHOM IIEHTPAJIbHYIO
yacTh HMKHero Kapkaca Ti3SiC, Ha HeGobIIy10 TITy-
OMHY ~2 MM MpM 0oOIIei TOJIIMHE HUXKHEr0 KapKaca
~5 mM. Bosee metanpHOE CCIIeqOBAaHNE MUKPOCTPYK-
TYpbI MoKa3aJo, 4yTo njaactTuHel MAX-da3bl Hab10-
IaIOTCS TaM, TIe HeT HUKeJs. DTO MOATBepXKaaeTcs
pesynbpratamMu PMA cpenmHHOI YacTh obpasma (CM.
puc. 6).

Ha puc. 6 mokaszaHbl (a3l HUKeIWAa TUTaHa
Nig 996 Tig,094 (PacTBOp 0kon0 9 % Ti B Ni) m NiTi,, a
Takxke Kapouga tTutaHa TiC. AHaJIorMUHbIE pe3yJibTa-
ThI OBLIM MOJYYEHBI Ha obOpa3lax auameTpoM 40 MM.
Takum o6pa3om, Korma pacrjiaB HUKelas oopasyeTcs
psaoM ¢ obiacTblio cuHTe3a mopuctoit MAX-dasbl
KapOocuJIMIMAa TUTaHA W HauuMHaeT MPONMUTHIBATh
ee, OH ITPUBOIUT K MOSIBJICHUIO TBEPIOTO PACTBOPA TH-
TaHa B HUKeJle U uHTepMeTa/umyeckoi dasbl NiTi,,
4YTO MpensaTcTByeT popMupoBaHuio MAX-das3bl unu
paspylinaer ee B 00JacTuM IPONMUTKHU. PaspylmeHue
MAX-da3bl MOXET NPOUCXOAUTH 32 CUET NEUHTEPKO-
asauuu KkpeMHus u3 MAX-da3sl u pactBopeHus Si B
HUKeJle, TIOJOOHO TOMY Kak pa3pyiiaercas MAX-dasa

10004 Q O Nig 006 Tig o5
A TiC

8004 O NiTi,
6004

400

200- 4

0 T ‘ T ‘ = T T T ‘ ‘ -
20 30 40 50 60 70 80
26, rpan

Puc. 6. Crnextp PDA cpenmHHOi1 yacTu o06pa3siia, mpeacTaBaeHHOIo Ha puc. 5
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Ti;SiC, pacnnasom Menu [33]. B pesynbrare nmpume-
HeHus npouecca CBC o BTopoMmy BapuaHTy 006pa3y-
€TCSI CJIONCTHIT KOMIIO3UIITMOHHBIM MaTepura, COCTO-
SIUA U3 BEPXHETO WM HUXKHEro IOPUCTHIX KapKacoB
MAX-dasbl Ti3SiCy 1 KOMIIO3ULIMOHHOM POCIONKU
13 KapOnja TUTaHA U HUKEJIUJ0B TUTAHA MEXTY HU-
mu. Takas mpocioiika BO3HMKAeT I0ocjie paciljiaBie-
HUS HUKeNs, o0JlagaeT IJIOXOH XXMIKOTEKYUYeCThlo,
YTO 3aTPYIHSET e¢ MWHPUIBTPALINI0O B TMOPHUCTHIC
KapKachl.

B TpeTbeM BapuaHTe SKCIIEPUMEHTOB MEX Y OpH-
KEeTOM HUKEJIS ¥ IINXTOBBIMU OPUKETaMH BBOIMIINCH
OapbepHble CcJI0OM U3 Nucyell Oymaru. PesyiabTaThl
MpeapIIyIIUX BapuaHTOB IOKa3aju, YTO €CJIU HU-
KeJlb IIPUCYTCTBYET B MCXOMHOU ITMXTE MJIM €TI0 pac-
MJjaB MponuTeiBaeT Kapkac MAX-da3ssl B Ipolecce
ero (popMupoBaHUS, TO 3TO IIPEHSITCTBYET 00Opa3oBa-
HI0 MAX-ha3sl 1 MOTyYeHUIO OTHOPOIHOTO Kap-
KacHOro komnosnuuimoHHoro marepuaina Ti;SiC,—Ni.
Hanuuune 6apbrepHOTO CJIOST JOJIKHO MIPeaoTBpaliaTh
NpOHMKAaHME paclljiaBa HUKedsl B Kapkac MAX-da-
3bl HA CTAaJMU €€ CUHTE3a, HO 00EeCIeUYnTh MOCIeny-
IOIIYI0 MPOIUTKY KapKaca pacrjaBoM yepes oIpee-
JIeHHOe BpeMms 1ociie oopazoBaHust MAX-da3ssl 1o
JNEUCTBUEM TTPUJIOXEHHOTO BHEITHETO M30BITOYHOTO
naBieHusi. COOTBETCTBYIOLIME SKCIIEPUMEHTHl 0e3
MPUJIOXKECHUSI BHEIIHETO0 WM30BITOYHOIO MTaBJICHUS
MmokKaszaJii, YTO MMPU CrOPaHWUM IMUXTOBBIX OPUKETOB
OpUKET HMKEJISI pacljaBJlIseTCsl, HO He NPOHUKAeT
yepe3 OapbepHBIC CIIOM W HE IMIPOIUTHIBAeT KapKackl
MAX-da3bl, cHHTe3UpyeMble U3 LIUXTOBBIX OpUKe-
TOB.

Ha pwuc. 7 moka3aHa cTpyKTypa HUKHETO KapKaca
oOpa3ua KkoMIo3uTta auaMmetTpom 40 MM, CUHTE3UPO-
BaAHHOTIO MpY HaJIUYUU OapbepHBIX CJIOEB, C MPUJIO-
JKeHWeM JaBjeHus BepTukanbHoit cuioii 200 H uepes
MeTajlJinyeckylo 1aiby Ha cOOpKy OpUKETOB (CM.
puc. 1) yepe3 15 ¢ mocae okoH4YaHus ropeHus. I1po-
M30IIUIA TI0JTHAS MHGMIBTPALIMs pacijiaBa, BECh 00beM
00pa3oBaBIlIerocsl pacijiaBa HUKeJ s MOTJIOTUIICS TI0-
pucteiMu KapkacaMu MAX-da3bl, 4aCTUYHO 3amoJi-
HsISl TIpHJIeTalome 00beMBl IIOPOBOTO MMPOCTPAHCTBA
(puc. 7, 6), a 6osiee oTAAJEHHbIE YACTU KaPKACOB OCTa-
JIMCh He3amnoJHeHHBbIMU (puc. 7, a). [1penctaBieHHbIe
Ha puc. 8 pesynbraTel PDA cpeagHeil yactu obpasia,
MpPONUTAHHON HUKeJeM uepe3 15 ¢ nociie hpopMupo-
BaHusl MAX-da3sbl, MoKasaau, 4YTO NMOJYyYEHHBIN Ma-
TepraJ COCTOUT M3 KapOuaa TUTaHA M HUKEJINIA TH-
taHa Nig 996 Tig 094 (pacTBopa Ti B Ni).

DTOT BBIBOI MOATBEPXAAeTCSI M PUC. 7, U3 KOTO-
poro BUAHO, UTO XapakTepHble 11 MAX-da3sl nia-

CTUHBI OTCYTCTBYIOT B TOM YacTH, Ilie ObIjia TPONMMUTKA
HUKeJeM (puc. 7, 0), U IPUCYTCTBYIOT TaM, IJie HUKEJ S
HeT (puc. 7, a). B 3ToM oTHOIIIEHNH HET 3aMETHOM pa3-
HULBI A5 00pa3noB auamMerpoM 23 u 40 mM. Takum
o0pa3oM, 3aepKKa B IIPOMUTKE MOPUCTHIX KapKacoB
MAX-@assl Ti;SiC, pacniiaBoM ¢ NOMOILBIO O6apbep-
HBIX CJIOEB He MPUBOAUT K coxpaHeHU10 MAX-da3bl B
30He NponuTKHU. [IpakTHUEeCKHU TaK ke, KaK BO BTOPOM
BaprMaHTE SKCIICPUMEHTOB, ITPOITMTKA IPOUCXOINT C
paszpyuieHueM obpaszoBaBuieiica MAX-(a3bl U He Mo-
3BOJISIET MOJIYYUTh KapKacHbli KoMno3uT TizSiCy,—Ni
B 30HE TIpONUTKU. [IprIokeHe BHEITHETO N30BITOY-
HOTO JaBJICHUS yBETMIMBAET IJTyOMHY TPOITUTKY Kap-
kaca Ti3SiC, Hukenem. OQHaKO U BTOPOii, U TPETUH
BapuaHThl npuMeHeHUST CBC ¢ pacmoioxennem opu-
KeTa HUKEeJSI MeXy IIUXTOBBIMU OPUKETaMU MPUBO-
ISIT K CUHTE3y HEOIHOPOIHBIX IMMOPUCTHIX KapKaCHBIX
KOMITIO3UTOB C YaCTUIHBIM 3aIIOTHEHUEM IOP, TaK KakK
5TU BapUAHTHI HE ITO3BOJISIOT PACIIaBUTh KOJTUYECTBO
HUKEsI, TOCTaTOUHOE IJISI TIOJTHOTO 3aIlOJIHEHU S TIOp
(mosHO# mponuTku) KapkacoB MAX-da3sst Ti;SiC, u
MOJIyYeHU ST OJHOPOJHOTO KePaMUKO-METaIIUnYECKO-
ro Kommno3uTta, npuuyeM MAX-¢a3bl B KOMIIO3UTE y3Ke
He OyIeT, TaK KaK OHa MJIM He 00pa3yeTcsl, MIIN pa3Jia-
raeTcsl Mpu MpoIuTKe.

st yBeAMYEHUST XUAKOTEKYYeCTH MeTalauye-
CKOM XXHUIKOI (ha3bl M €€ CMAaUMBaHU S KEPAMHIECKOTO
kapkaca B ycjioBusix CBC o BTopoMy BapuaHTY ObLIO
HCIIOJIb30BAaHO JIETMPOBAHUE KPEMHUEM, IJISI Yero B
IMOPOIIKOBBINA OpuKeT HuKeas nobasisau 20 % Si ot
macchl Ni. M30bITOK KpeMHUS CTOCOOCTBYET 00pa30-
BaHu1o MAX-dasbl TisSiC, [22, 27]. BBeaenue kpem-
HUS B HUKEJIb aeT CILJIaBHI, TeMIIepaTypa IJIaBIICHUS
KOTOPBIX 3aMETHO HWXE TeMIepaTyphl IUIaBJIEHUS
YUCTOTO HUKeNs, coctaBasgwoueit 1455 °C [34]. DTo
MTO3BOJIMJIO TIOJIYYUTh PACILIaB ¢ OOJBIIEH XUIKOTE-
KyuecTbio 1 mponutarh MAX-ba3y Ha 60JIbIIYIO TITY-
ouny. KpemMHui1 BcTynasl B XMUMHUYECKOE B3aMMOALH-
CTBHE C HUKeJIeM, CBSI3bIBas ero [35]. DTo 3aTpyaHSIIO
pearupoBaHue Mexay Niu Ti, a 6osbliiee KOTUYECTBO
Ti pacxonoBasnoch Ha cuHTe3 Ti3SiC,, yBenuunBas ero
KOJIMYeCTBO. B IpoBeneHHBIX 3KCIIEPUMEHTAX MEXIY
IBYMS IIUXTOBBIMU OpukeTamu auaMeTpoM 40 MM u
maccoii 20 r ycraHaBauBaau opukeT u3 cMecu 10 r Ni
n 2 1 Si. [locsie ”THULIMUPOBAHUS TOPEHUS OBIIIN TT0-
JIy4eHBbI 00pa3iibl KOMIIO3UTa, B KOTOPBIX 00pa3oBaB-
LIMICS pacIljiaB MOJHOCTbIO MH(MUIBTPOBAJCS B MO-
PUCTBIC KApKAChl CHHTE3MPOBAaHHOTO KapOOCUINIIIA
TUTaHa, MIPONMTAB HUXXHUI KapKac Ha BCIO TIIYOUHY
9 MM. MUKpPOCTPYKTYpa MOBEPXHOCTU U CKOJIa MOJIY-
YEeHHBIX 00pa3lIoB IIPeICcTaBIcHa Ha puc. 9.
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Puc. 7. Crpykrypa HuxHero Kapkaca Ti3SiC,

a — HCIIPpOIMMTaHHAasi HUKEJIEM HM2KHAA 9YaCTh KapKaca, 0— IIponruTaHHasd HUKEJIEM BEPXHAA 4aCTh KapKaca

WHTEHCHUBHOCTB, OTH. €/I.
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Puc. 8. PenTtreHoBckas nudpakrorpaMmMa mponuTaHHON HUKEJEM CpeAUHHOM YacTh 06pasiia KOMIIO3UTa,

MpeAcTaBJIeHHON Ha puc. 7, 6

Kak BugHO u3 puc. 9, BHyTpU U Ha MOBEPXHOCTU
mponuTaHHoro criaBoM Ni(Si) Kapkaca HMeETCS
riactulbl Ti3SiC,. OTo nmoarsepaus peHTreHodaso-
BBl aHAJIM3 — MPOAYKTHI CUHTE3a COCTOSIIU U3 ha3
Ti;SiC,, TiC, TiSi, u Ni (puc. 10).

IMony4yeHHbIE pe3yabTaThl MOATBEPANIN TPEIIIO-
JIOXXEHUE O POJIM KPEMHHUS B HUKEJIEBOM paclljaBe
Ha cuHTe3 kommnosuta Ti3SiC,—Ni. Takum obpazom,
no0aBKa KpPeMHUSI B HUKEJEBBI OpPUKET, pacriolio-
KEHHBIN Mexay nByMst Opuketamu CBC-111XTHI, 1MO-
3BOJINJIA TIOTYIUTh KePAaMHUKO-METATINICCKUIN KOM-
MO3UIIMOHHBIN MaTepuall, COCTOSIIINI U3 TTIOPUCTOTO
kapkaca kepamuueckux das TiC, TiSi, u TizSiC,, ya-
CTUYHO 3aII0JTHEHHOTO METAJUTMICCKUM HUKEJIEM ITPHU
nHbunbTpanuu pacriasa Ni(Si).

Bo BTOpOM M TpeTheM BapraHTaX CUHTE3a KOMITO3U-
ta Ti3SiC,—Ni a5l NONMHOTO pacIliaBaeHUsl HUKENIS CO-
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Jiep>KaHKe ero B OpuKeTe COCTaBJIsIO 8 T IJIs1 AuaMeTpa
23MM U 12 1 — 11 40 MM. DTUM O0BICHSIETCH YaCTUY-
Hoe 3anonHeHue kapkaca Ti3SiC, pacniiaBoM HuKens,
MOCKOJIbKY JIJI51 ITIOJTHOTO 3aIT0OJTHEH ST TTPY TOPUCTOCTU
42 % TpebyeTcs, COOTBETCTBEHHO, 28,5 1 57 r HUKeI,
YTO cOCTaBJIsLI0 ObI 59 % Ni B [1071y4eHHOM KOMIIO3MTE.
TpynHoCTh paciiaBjieHU s JTaHHOTO KOJIMYeCcTBa HUKe-
JIST 00yCJIOBJICHA CPaBHUTEILHO HEOOIBIION TeMIIepa-
typoit ropenus (2100 °C) u TenjgonoTepsiMu 3a BpeMs
nporpesa u pacrnjasieHus Ni-Opukerta. B usBectHoit
TEXHOJIOTUM TIOJyYeHUsI (DyHKIIMOHAIBLHO-TPAINUCHT-
Horo kKommo3uta TiC—Ni metomom CBC-kommak-
TupoBaHus [17] Temneparypa ropeHus cmecu Ti + C
cocraBisia 2937 °C, 4TO MpPEBHIIIANO TEMIIEPaTypy
nnaBiaeHus HuKkes Ha 1482 °C. [ToaToMy yaasioch pac-
MJIaBUTh BECb HUMKEIb AJIs MOJHOrO 3aIlloJHEHUE Top
cuHTe3npoBaHHOro Kapkaca TiC.
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Puc. 9. MuUKpocTpyKTypa MOBEPXHOCTH (a) U ckoJja () HuxHero kapkaca Ti3SiC,,

IIPOIMMUTAHHOI'O HUKEJIEM C nobaBiieHUEeM KpEMHUA
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Puc. 10. PentrenoBckas nudpakTorpamma HuxHero kapkaca Ti3SiC,,

IIPOMNMUTAHHOI'O HUKEJIEM C I[O6aBJ'[€HI/ICM KPEMHUA

B nepBoM BapuaHTe cuHTe3a Kommnosuta TizSiCy—
Ni ymanoce pacmiasuth 10 50 % Ni, 4To 0Ka3aJoch
JIOCTATOUYHBIM JJIS1 TTOJIy4YeHUsT O€CIOPUCTOro KOMITO-
3UTa. DTO OOBSICHSICTCS 3HAYUTEIbHO MCHBIIUMH Te-
IJIONOTEPSIMU IMPU OBICTPOM HAaTrpeBe U pacIlIaBJICHU U
YacTUI[ MOPOIIKA HUKEJISI BHYTPU TOPSIUUX MPOMYK-
ToB CBC 110 CpaBHEHHUIO C OTACIBHBIM IIPUICTAIOIINM
OpUKETOM HUKEN S, a TAKKE JOMOTHUTEIbHBIM TEIJI0-
BbIIEJICHHEM OT 00pa3oBaHUs MHTEPMETATTIUYECKUX
COCIMHECHU HUKEJISI C TATAHOM B 3TOM BapuaHTeE.

3aknioyeHue

HccnenoBaHre BO3MOXHOCTU TPUMEHEHUs TIPO-
necca CBC a1s ogHOCTaAUMHOTO MOJIyYeHUsT MeTa-
nokepamuueckoro kommnosura Ti3SiC,—Ni Ha ocHOBe
MAX-da3bl Ti3SiC, U3 371eMEHTHBIX MOPOLIKOB IIPU-
BeJIO K ClenymlIMM pesyiabrataM. BeegeHue ot 0 go
50 mac.% Ni HemoCpeACTBEHHO B UCXOOHYIO LIMXTY

3Ti + 1,25Si + 2C 1m03BOANIIO TIOJIYIUTh OTHOPOIHBIM
KOMIIO3UIIMOHHBIN MaTepuaj, MOPUCTOCTh KOTOPO-
ro yMeHbIIaeTcsl C pocToM coaepxkaHusi Ni, a mpu
50 % Ni KOMIIO3UT CTAHOBMTCS IIPAKTUYECKU OECIIo-
PUCTBIM. DTO BaxkHoe mpeuMmyinectBo Meroga CBC
nepen TPagULIMOHHOW TMOPOIIKOBOM MeTajllypru-
el ¢ OJIUTeJbHBIM BaKyyMHBIM CIIEKaHHEM CMECH
Ti3SiC,—706.%TiC—(0+40mac.%)Ni, B pesyibraTe
KOTOPOro MoJIyyaloTcsl KpaliHe HEOZHOPOAHBIE 00-
pas3ibl KOMITO3UTAa C 3KCCymalmeil MeTajjia Ha I0-
BEPXHOCTU 0Opa310OB U PHIXJION CepALIEBUHON U3 Clia-
60 cneyeHHbIx nopoukos Ti3SiC, u TiC. Bricokyio
ogHoponHocTh CBC-koMIT03MTa MOXHO OOBSICHUTH
HaMHoOro Oousblieit Temneparypoii mpouecca CBC,
yIydniampiieid cMayruBaeMOCTh KepaMuuyeckon dasbl
pacmjaaBoM, M CYIIECTBEHHO MEHBIIEH IJIMTEIbHO-
cthio mpouecca CBC, 3a KOTOpY10 HUKEJIb HE YCIIeBaeT
MUTPUPOBATh U3 BHYTPEHHEH yacTu oOpaslia Ha ero
noBepxHOCTh. OTHAKO IIPUCYTCTBUE HUKEIIS TIPETISIT-
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cTBYeT obpa3oBaHuio MAX-¢a3sl Mo nmpuyrHe odpa-
3oBaHud TiNi. B ca1yyae Masioro koauyecTBa HUKES B
TiNi cBsI3bIBa€TCS TOJBKO YaCTh TUTAHA, a OCTaJIbHAS
yacTbh uaeT Ha oopaszoBaHue MAX-das3bl 1 Kapouga
tutaHa TiC. YBenuuenue cogepxanust Ni (50 %) npu-
BOJUT K MOJHOMY UCYe3HOBeHUI0 M AX-da3bl.

B npyrux BapuanTax npumeHeHuss CBC mis mo-
aydyeHus kxommno3uta TizSiC,—Ni, Korma HMKeJb
pa3Memajcs B Buae opukera Mexnay aByx CBC-6pu-
KETOB, yJIaJOCh pacljaaBUTh HEOOJIbIIOE KOJTUYECTBO
Hukeas (23—29 % oT Macchl 00pa3loB CUHTE3UPYE-
MBIX KOMITO3UTOB), KOTOPOT'O HE XBATUJIO IJISI TIOJTHO-
ro 3alOJIHEHU S MOop CAOUCThIX KapkacoB MAX-da3bl
Ti3SiC,. Yucrslit HUKeNb 00J1afgaeT HU3KOW XUIKO-
TEeKYyYeCcThlO, IJI0X0 cMauyuBaeT Kapkac MAX-(a3sl,
WHUABTPYETCSI Ha HEOOJbIIYIO IyOMHY, pa3pyluas
MAX-¢pa3y B Mmectax nponuTku. B pesynbraTte obpa-
3yeTCsI HEOOHOPOIHBII CIIONCTHIM KOMIIO3UITMOHHBIA
Marepua, COCTOSIIUI M3 BEPXHETO M HUXXHETO T0-
PUCTBIX KapKacoB U MPOCIONKM U3 KapOuaa TUTaHa U
HUKenuaoB TutaHa. JlerupoBanue Hukens 20 % Kpem-
HUST YMEHBIIWJIO TeMIlepaTypy TIJIaBJIeHUs pacrjiaBa,
MOBBICUJIO €r0o XUAKOTEKYYeCTh U CMauMBaeMOCTb.
B pesynbrare pacrmiaB MHOUIBTPYETCS IOJHOCTEHIO,
yBeIUYMBAeTCsd TIyOMHA TIPONMUTKH, YMEHBIIAeT-
cd crerneHb nerpagaunu MAX-gdasel. B aTom ciiydae
rmojiydaeTcsl 0ojiee OMHOPOTHBIM KOMITO3WITMOHHBIN
marepual Ha ocHoBe TiC, TiSi,, Ti3SiC,, yacTuuHo
3ar0JTHEHHbBI Ml HUKEIb-KPEMHUEBBIM CILIAaBOM.

st TOBBIICHWS OTHOPOTHOCTU CTPYKTYPHI,
CHMKEHUSI TIOPMCTOCTHU, YBEIWYEHHS KOJIMUIECTBA
MAX-das3bl TizSiC,, yayulueHu sl CBOIMCTB KOMIIO3UTa
Ti;SiC,—Ni uenecoobpa3HO MUCMONB30BaTh JETUPO-
BaHMWE HUKEIS OPYTUMU 3JIeMEHTAMHU, a TaKXKe MTpH-
MEHSTh TaKue BO3MOXHOCTH TexHonoruun CBC, kak
MIpeaBapUTEILHBIN ITOIOTPEB, IIOBBIIIICHHOE TaBJICHUE
ra3oBOM Cpenbl, CUJIOBOE KOMMAKTHUPOBaHWE, CUHTE3
B ueHTpudyre. Takum oopazom, rexHosorus CBC mo-
KET CTaTh OCHOBOI HOBOTO HaIlpaBJICHUS MOJTYICHUS
HUKeJb-KepaMUYEeCKOI0 MaTepuaja C IOBBIIIEHHON
KapOIPOYHOCTBIO ITPU MAJIOU Macce U3AEIUMA.

Paboma sevinonnena npu gurancosoii noddepiucke epanma PODU
(npoexm No 16-08-00867).
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BeeneHue

AnoMuHui, Ojlaromaps YHMKaJIbHOW KOMOWHa-
IIUM XMMUYECKUX U MEXaHWYECKMX CBOMCTB (HU3Kas
MJOTHOCTb, BBICOKHE IJIACTUUHOCTH M KOPPO3MOHHAS
CTOMKOCTB), SIBJISICTCS OMHUM U3 CaMBIX ITePCIIEKTUB-
HBIX MaTepHuajoB, UCIIOJb3YEMbIX B KaU€CTBE OCHOBBI
METAJUIOMAaTPUYHBIX KOMITO3MLIMOHHBIX MaTepuaJioB
(KM) nyisg aBMallMOHHOM, a3pOKOCMUYECKOU U aBTO-
MOOMJIbHOI MpoMBbIIIJIeHHOCTU. Pazpabotku KM Ha
ocHoBe anoMuHua (Al-KM) HampaBiieHbl B MIEPBYIO
odyepenb Ha MOBHIIICHWE MPOYHOCTHBHIX XapaKTepH-
CTUK, 0COOEHHO MpH NMOBBILIEHHO! TemnepaType. [1o-
SIBJICHUE 1 BHEAPEHME HOBBIX BUIOB HaHOMAaTEp1aaoB
(HaHOTpPYOKM, HAHOYACTUIIbl, HAHOMJACTUHBI U 1P.)
NpuOAMKAIOT YYEeHBIX K moaydyeHuto KM «MeuThl»,
T.e. JIETKMX, KaK aJIOMUHMI, U IPOYHBIX, KaK CTaJb.
3a 1mociieqHue TOObl ObLI BBIIIOJHEH OOJIBIION 00BbEM
HCCIeIOBaHU I, HalPaBJIEHHBIX Ha pa3paboTKy MeTO-
noB noydeHust Al-KM [1—18], BBIOOp yITPOUHSIOIINX
mob6aBok [7, 8, 17, 19—24|, nzyuyeHne ocoOeHHOCTEH
bopMupoBaHUs MUKPOCTPYKTYDHI [4, 16, 17,25—27]n
ee BIMSHUS Ha MEXaHUUeCKOe TTOBeIeHUe MaTepuaia
mox Harpy3koii [7, 12, 17, 28—31]. HacTosmmit MUHU-
0030p TMOCBAIIEH aHAJIU3y MOCACAHUX JOCTUXEHUN B
obsactu pa3pabotku Al-KM, ynpouHeHHBIX MUKPO-
¥ HAaHOCTPYKTYpPaMH.

Metopabl nony4yeHns KM Ha ocHoge Al

Hckpooe mnazmeHHoe criekaHue (UTIC) — onun
U3 HauboJjiee MEePCIeKTUBHBIX METOIOB IOJYYECHUS
Al-KM (pwuc. 1, a). OCHOBHOIT OCOOCHHOCTBIO U IJIaB-
HBIM MPEUMYIIECTBOM JaHHOTO METONa SIBJSIETCS
¢dopMupoBaHUE MCKPOBOIO pa3psiia B Ipoliecce Cre-
KaHUS TOPOIIKa, YTO IPUBOAMUT K 00jiee BBHICOKUM
CKOPOCTSIM HarpeBa, MeHbIIIEeMY BPEMEHU CTIEKaHUS U
B KOHEYHOM cyeTe obecrieurBaeT (OpMUPOBAHUE OT-
HOCHUTEIBHO TJIOTHOM M OMHOPOIHOM CTPYKTYpsl KM
[7,9, 11, 16, 17].

Pesynbrathl NMUKHOMETPUYECKUX HCCIEIOBaAaHUMN
MOKAa3bIBAIOT, YTO TUIOTHOCTH Al-KM, yIIpo4yHeHHOTO
HaHoTpyokamu u3 BN (BNHT), nocturaer 97,8 % ot
TEOPETUYECKOM, B TO BpeMs KaK IJIOTHOCTb YUCTOrO
Al, MoJy4eHHOr0 TEM Xe MeTOA0M, cocTaBiseT 99,4 %
oT TeopeTuueckoit [12]. CHUXKeHUue OTHOCUTEIbHO
MJOTHOCTU CBSI3bIBAIOT C BO3MOXHOM arjioMepalu-
eit BNHT u obpazoBanuem myctor. MI3yueHue BIIU-
SIHUASI TeMIIepaTypbl CHEKaHWS Ha OTHOCUTEJbHYIO
njaoTHOCTh Al-KM, ynpouyHeHHBIX JIUCHEPCHBIMU
mukpouactuuamu (SiC, AIN, SizN,, BN), noszsonu-

JIO yCTAaHOBUTbD, YTO TeMIIepaTypa CUHTE3a OKa3bIBaeT
HauOoJIbIIee BAUSHNE HAa OTHOCUTEIbHYIO IIJIOTHOCTh
KM ¢ BEICOKUM cofepXaHUEeM YIIPOUHSIFOIINX YaCTHII
[7]. Hampumep, npy U3MEHEHU U TeMIIEpaTyphl CrieKa-
Hus ot 450 go 550 °C oTHOCUTEIbHAS IIIOTHOCT KM
¢ 10 06.% SiC Bo3pactana Ha 4 %.

ITpu moAroTOBKE MOPOIIKOBOM CMECH JJIS TTOCIEnY-
romero MITIC yacto ucronb3yeTcs ee npeaBapuTeIbHas
06paboTka B IapoBOI MJIaHeTapHO! MenbHULIe. Mexa-
HUYeCcKOe MepeMenInBaHue MO3BOJSIET aKTUBUPOBATh
WCXOIHBIE pPeareHThl, CYLIECTBEHHO IOBBIIIAS BEPO-
SITHOCTh IIPOTEKaHMWs XMUMHUYECKUX peakKInii ¢ oOpa-
30BaHMEM MPOMEXYTOUHbIX da3 [14, 15]. Hanpuwmep,
P MEXaHUYECKOM IlepeMelIMBaHUU mopolka Al ¢
MUKpodacTuamu [25] u HaHouactunamMu BN (BNHY)
[17] Bo3amoxHO dopmupoBanue ¢dassl AlB,, BHOCALIEH
BKJaJ B ynpoyHeHue Matepuaia. Ob6paszoBaHue AIN
HaOJIIOmaId TIpU BHICOKOYHEPTETUUYECKOM IIepEeMEIi-
BaHuu nopowkos Al u LizN [25]. [IpensaputenbHoe
MeXaHUYeCcKoe TepeMelliMBaHhe MOXET CIIOCOOCTBO-
BaThb IIOBHIIICHUIO OTHOPOOHOCTH pacCIIpelcICHUS
ynpouHsiomux ¢da3 B oobeme KM 3a cuer pazmona
YIIPOYHSIOIIMX T00aBOK U YMEHBILIEHUS UX pa3Mepa OT
HECKOJIBKMX MKM JI0 IeCSITKOB HM, KaK 3TO OBILJIO ITOKa-
3aHO Ha npuMepe cucteMbl Al—Al,O; [8].

MeTon ropsiueit 3KCTpy3Uu NPUMEHSIJICA K IIpeaBa-
PUTENILHO CITeueHHOMY B aTMocdepe aproHa Al-KM,
YIIPOYHEHHOMY yIiiepodHbIMU HaHOTpyOKamMu (CHT)
[4]. Ucnonb3oBaHMe HaHOO00aBOK B (hOpMe HAHOTPY-
OOK MO3BOJIMJIO JOOUTHCS 00JIee MPOUHOU CBI3U MEX-
Iy YOpouyHsoliei ¢ha3oil 1 aTloOMUHUEBOW MaTpUliei
3a CYET YBEJIMYCHMS YACIAbHON IJIOIIAAU UX KOHTaK-
Ta 0e3 00pa3oBaHUA NMPOMEXYTOUHBIX (pa3. Merona-
MU TOpSiYEr 3KCTPY3UU U TOCJIEOYIOLIEH XOJOAHOM
MMPOKATKU OBbIAM IOJYYEHBI YIbTPaMeIKO3EPHUCTHIC
Al-KM, ynpouHeHHble HaHOUacTuLamu Al,Os, ¢ pe-
JieJioM pouyHocTU B 20 pa3 BhIllIe, YEM Y YUCTOIO ajlio-
muHus [3]. TexHoJOrn4eCcKU NPOCTOM METO MoJIyue-
HUA HaHOCTPYyKTYpHOTO KM Al/SiC myTeM X0JIOmHOM
MPOKATKU C BBICOKOI cTeneHbIo Aedopmanviu u 60Jib-
LIIMM YMCJIOM MPOXOIOB IpenyiokeH B padore [2]. 3a-
TOTOBKY, COCTOSIIIYIO M3 HECKOJBKUX aJIIOMUHHUEBBIX
MJACTUH C YOPOUHSIOIMMU MuKpodacTuuamu SiC
MEXAy HUMHU, TIOABepraau X0JOdHOI MpoKaTKe, 00e-
crieumBalonieit cxarve Ha 66 % OT UCXOTHOM TOJIIM-
HbI oOpasia. [Janee obpasen pa3pe3asn Ha HECKOJIbKO
CJIOEB, YKJIaJAbIBaJIU UX B hOpMe «COIHIBUYA» U TTOBTO-
psIn omepanuio Ipokatku. B pesynbraTe 8 mociemno-
BaTEJbHBIX POXOIOB YJAJOCh MOJYYUTh JOCTATOYHO
oAHopoaHOe pacrnpeneiaeHue yactul SiC B altoMu-
HUEBOU MaTpHUILIE.
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K 100-netwio co gHs poxgenns I.B. CamcoHosa

KomnosunuoHHble MaTepuaJbl Ha OCHOBe Al,
ynpouyHeHHble CHT, Obliu ToJlydeHbl METOAOM TO-
pstueit mpokatku [1]. IMopomkosyio cmech AlI—CHT
Harpesaiu o 480 °C co ckopoctbio 15 °C/MuH, a 3a-
TeM MOABePIJIM 00paboTKe naBiaecHueM (27 MPOXOI0B) C
oOxarueM 12 % B Kax10M Ipoxoje. DTO MO3BOJIUIO B
15 pa3 MOBBICUTH MPOYHOCTHBIE XapakTepucTuku KM
o cpaBHeHMIO ¢ YuCThIM Al. [IperuMyIecTBo MeTO-
JIa TOpsiYeil MPOKATKU COCTOMUT B TOM, UTO OH ITO3BO-
JISIET TOCTUYh 0oJiee PaBHOMEPHOIO pacIipeeIeHUs
VIIPOUHSIIOLIEH (ha3bl B MeTaJUIMYECKOI MaTpulie 0e3
obpazoBaHus nedektoB (rmop). bonee omHOpomHOE
pacrnpeneneHre ynpouHgwomeidn nodasku (Al,O3),
JIOCTUTaeMOe METOIOM ropsiueil MpoOKaTKHU, CIOCOo0-
CTBYeT YIYUIICHHWIO IIPOYHOCTHBIX XapaKTePUCTUK
KM [4]. D10 00BsICHSIETCSI TEM, UTO TpaHUIla pa3aesa
«MaTpulla — yIpouyHsoas ¢asza» 4acTo SIBISETCS
HCTOYHMUKOM BO3HUKHOBEHHUS MUKPOTpeImmuH. bo-
Jiee paBHOMEPHOE paclipelesieHUM TpaHUIl paszena
MPEMNSATCTBYET OOBEAMHEHUIO MUKPOTPEIIMH B Ma-
KPOTPEIINHY ¥ IPUBOAUT K ITOBBIIICHUIO ITPOTHOCT-
HBIX XapaKTEPUCTUK MaTepuralia.

E1ite omHUM nepcreKTUBHBIM METOOM MOJIYUYESHU I
KM sBnsierca KpyyeHUE IOA BBICOKUM IAaBJICHUEM
(cM. puc. 1, 6). ITonyueHHBI 1TaHHBIM MeTOaOM Al-KM,
ynpouHeHHBIT BNHT, noka3zal BEICOKYIO TPOYHOCTh
(mo ~375 MIla). IIpenen mpoOYHOCTH YHAJIOCH MOITOJI-
HUTENbHO MOBBLICUTH 10 420 MIla, mocinenoBaTeibHO
MIPUMEH SIS METOJ KPYUYEHU I IO/ BHICOKUM JaBJICHUEM
1 ITOCJICIYIOIIYIO0 TepMOOOPadOTKY, KOTOpasi, OMHAKO,
MoBJIeKJ1a 3a CO0OI CHUXeHUe TBepaocTu ¢ ~135 mo
~110 HV [13].

MeTtomoM TopsYero IpeccoBaHUS ITOIydalld Ha-
HOCTpYKTypHble Al-KM, nerupoBaHHble MeAbl0 U
VIIPOUHEHHbIE MUKpOYACTUIIAMU HUTpUIa Oopa
(BNMUY) [8]. MakcuManbHas BeININHA OTHOCUTEIb-
HoM mioTHocTH (99,6 %) Oblia JOCTUTHYTA 3a CYET
YAaCTUYHOIO IJIaBJICHUS aJIIOMUHUS B XOIE IMPECCo-
BaHUS npu TemnepaType Ha 100 °C BhIIlle TeMITepary-
pbl conuayca. KonnyecTBo 00pa3oBaBIIECS XU IKOMU
(as3pl OBLIO JOCTATOYHBIM JAJIsI 3alIOJTHEHMS ITYyCTOT
1 HECIIIOITHOCTEW MOCPEACTBOM KalMJIJISIPHOTO (-
(bekTa, YTO MPUBEIO K POCTY OTHOCUTEIBLHOW TJIOT-
Hoctu. [Ipenen nmpounoctu nanHoro KM cusibHo 3a-
BHUCEJI OT pa3sMepa YacTHUIl MCXOXHOro Al-moporika.
Tak, mpu yBeJIMYeHUU pa3Mepa 4acTull ¢ 2 10 35 MKM
IIPOYHOCTH CHUXajach ¢ 763 go 525 MIla.

3aBHUCUMOCTh OTHOCUTEIBHON IIJIOTHOCTHA OT TEM-
repaTypsl IPecCOBaHUST M3ydyaiu Ha TIpUMepe HaHO-
crpyktypHoro Al-KM, ynpoyHeHHOro HaHOYaCcTU-
namu Al,O; [14]. ®opMupoBanue HaHoyacTull Al,O;

OCYIIECTBIISIJIOCH B XO/Ie MEXaHUUYECKOTO TepeMeIn-
BaHus nopoikoB Al u ZnO (co cpenHUM pa3MepoM
gacTtull 250 uMm). [ToBeIIIEHNE TeMIIepaTyphl IPEecco-
BaHus ¢ 400 mo 500 °C nmpuBeso K pOCTY OTHOCUTE b-
HOI TIoTHOCTH € 95 10 99,6 %. BennuuHa TBepaoCTu
npu 3ToM Bo3pocia ¢ 150 mo 185 HV. BaxHo oTtme-
TUTb, YTO C POCTOM TeMIIepaTypbl CPEAHUI pa3Mep
3epHa (40 HM) He U3MEHUJICS.

Jnst IOBBIIIIEHUS] OAHOPOMHOCTU pacIpeeieHUs
HaHomo6aBok B obbeme KM umHOrma ucnoiab3yloT
JIOCTATOYHO CJIOXHbBIE TEXHOJOTMYECKUE LEMOYKHU.
Hampumep, cxeMa TONTOTOBKY TOPOIIKOBO cMecHu
Al/CHT cocrosiia u3 HECKOJIBKUX TEXHOJIOTUYECKUX
ornepanuii: 1) pazmon ceprudeckux yactui Al ¢ 1iebio
TOJTy4YeHUST XJIONMbEBUIHBIX YACTUIl M, TEM CaMBbIM,
YBEJIMYEHUS MX YACIbHON MOBEPXHOCTHU; 2) YIbTpa-

Puc. 1. Metoasl nonyuenust Al-KM

a — UCKPOBOE TIJIa3MEHHOE CIIEKaHNe; 6 — KpydeHUe

TI0J1 BICOKUM JaBJIEHUEM; 8 — CHMHHMHIOBAaHUE U3 paciiiasa [27]
PucyHok ¢ [27] nepeneyaTtaH ¢ pa3pelleHu st U31aTebCTBA
«Elsevier»

64 W3BecTus By308. [TopoLkoBas METANYPrvs 1 yHKLMOHAbHbIE NOKPbITUS = 4 = 2018



7:[/1' 0l1/1aBKNE, Kepamn4eckmne n KoMnosnynoHHble matepuarsibl

3BYKOBOE JMCIEPTUPOBaHUE Pa3MOJIOTHIX YacTull Al
u CHT B xuakoii cpene; 3) GuibTpalus U IPoCcyIIKa
[18]. TTomoGHast cxema TMO3BOJIMJIA TTIOBBICUTH CTETIEHD
OIHOPOAHOCTHU pacmpeeeHusl ynpoyHsoliei das3bl
B 00beMe MaTepualsia Iocje ropssIero mMpeccoBaHus U
00eceYnTh COXPAaHHOCTD 10CTaTOUHO ATUHHBIX CHT
(cpenuss navHa CHT B KM coctasisina 0,9 MKM npu
ucxogHoi anuHe 0,5—2,0 mxm). KM obnaganu He
TOJIKO ITOCTAaTOYHO BBEICOKMMHU NPOYHOCTHBIMU Xa-
pakTepucTukamu (rpeaea npoyHoctu 420 MIla), Ho u
XOPOIIIEH MIaCTUYHOCTHIO (BETMYMHA OTHOCUTEIBHO-
ro yaJuHeHus coctaBuia 4,5 %).

Al-KM, ynpounenHsle BNHT, Obuin monydeHsl
METOJIOM CIIMHHUHIOBaHUS U3 pacrjana (CM. puc. 1, 8)
[27]. B kauecTBe 00pa3110B CPAaBHEHUS B TEX XK€ YCIOBU-
SIX OBLJIY MOJTyYeH bl aMOP(HBIE IEHTHI U3 YKCTOTO aJTI0-
MUHUS U adioMUHUSA, yripouHeHHoro BNMUY. IIpose-
IEeHHBIE MeXaHWYeCKWEe WCIBITAHWS Ha pacTSKEeHUE
BBISIBUJIM TPOEKPATHBIA POCT Mpeaesia MPOYHOCTHU
KM Al/BNHT (10 150 MIla) mo cpaBHEHHIO C YUCTHIM

Al. B to xxe Bpemss KM Al/BNMUY noka3zan Juiiib He-
3HAYUTEIBHBIN POCT IPOYHOCTHBIX XapaKTEPUCTUK.

B Tabauiie mpuBeneHbl MEXaHUIECKHE XapaKTepH-
ctuku Al-KM, nony4eHHBIX pa3IuYHBIMU METOJAMMU.
MOXHO OTMETUTb, YTO MMEETCS JMlIb HEeOOJbIIOE
KOJIWYECTBO JAaHHBIX IO MEXaHUIECKOMY TTOBEICHUIO
Al-KM 1ipu noBbllIEHHBIX TeMIlepaTypax. [Ipu aTtom
MPOYHOCTHBbIE XapakTepucTuku KM npu KoMHaTHOI
W TIOBBIIICHHOM TeMIlepaTypaxX MOTYT CYIIECTBEH-
Ho oTiuuaTtbcsa. Hanpumep, npenen npoyHoctu KM
Al—AIN npu KOMHaTHO# Temmnepartype [32] Obla1 BbI-
e, yeM y KM A1—BNMUY [25] (cooTBeTcTBEHHO 518 1
380 MIlIa), onHako y KM Al—AIN »ToT moka3sa-
Tenb cHuxXascs go 125 MIla npu ¢ = 400 °C ipotuB
170 MIla ipu £ = 500 °C y AI—BNMU.

AHanu3 JUTEepaTypHbIX NaHHBIX ITO3BOJISIET 3a-
KaounuTh, 4To Al-KM ¢ BBICOKOII OTHOCHUTEJIHLHOM
IIJIOTHOCTBIO MOTYT OBITh TOJYYEHBI Pa3sIMUYHBIMUA
METOIaMU, OMHAKO METOIbI FropsTueii 3KCTpy3uu [4, 33,
34] u ropsiueit mpokatku [1, 3] MO3BOJAIOT JOMOJTHU-

Mpo4HocTHble xapakTepucTuku Al-KM ¢ pasnuyHbiMK ynpoyHsiowmmmn ao6aBkamu

3 Tsepnoctb
LA nolJ\I/l;{T:;Hﬂ (pz:(’:BT’ﬂl::g{ile) I\gﬁa 13[01%;1 ;; HB | HV p%ﬂ, Herounmk
Al7075—HaH0Al,O4 It 443 — — 2,1 204 98,9 [39]
AA 6061—nano(SiC + B,C) YK 240 — — 3,0 100 — [40]
Al—muxpoTiB, UIIC, I'd 543 — 483 1,4 206 96,0 [34]
7075Al—-HanoRGO BC, ID 505 — 385 8,0 150 99,4 [33]
Al—nHaHOAIN ArC, I'D 518 125(400°C) 460 9,5 124 — [32]
Al-CHT It 625 — 610 2,0 — 99,0 [1]
Al—MuxkpoBN HricC 380 170 (500°C) -— — 135 — [25]
Al—mukpoLisN UricC 297 27 (500 °C) - — 133 — [25]
Al—HanoB UricC 270 80 (500 °C) - — 57 — [25]
Al-BNHT (¢pynku. NH,HCO3) BC 419 (cxarue) — - — 180 95,0 [29]
Al—HanoCuO PM 94 — 47 — — — [24]
Al-Al, O3 s, T, X1 373 — 282 106 99,7 [3]
Al-CHT ArC, D 420 — — 5,3 130 98,0 [4]
Al-CHT I 421 — — 4,0 — — [18]
Al-BNHT HIIC 216 (cxarue) 88 — 66 97,8 [12]
Al-BNHY UTIC 385 142 (500°C) — — 135 97,0 [16]
Al-BNMY HIiC 386 170 (500 °C) — — 135 - [16]
Al—MukpoAl, O3 I'm, rma 196 — - 4,7 61 — [6]
Al-BNHT KB, TO 420 — - 5,5 140 — [13]
[Mpumeuanue. I'Tl — ropsuee npeccoBanue, YK — ynasrpasBykoas kaButaiysi, MUTIC — uMnynbcHOe T1a3MeHHOE
cnekanue, BC — BakyyMHoe cniekanue, I'D — ropstuast akctpy3usi, ArC — ciekaHue B atMocdepe aproHa, PM — pacruiaBHbII
meton, I'Jl — ropsuast neopmanus, X — xonoaHas nedopmanus, I'TI — ropsiuast npokatka, KB — kpyueHUe Mo BBICOKUM
nasineHueM, TO — Tepmuyeckast oopadboTka.
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TEJIbHO YMEHBIIIUTh MTOPUCTOCTh MaTepuaa. Haubo-
Jiee BBICOKHME MjacTuueckue cBoiicTBa Al-KM (Mmak-
cHMMaJjibHasI BeJIMUMHA OTHOCUTEIBHOTO YAJIWMHEHMS)
OBLIM JOCTUTHYTHI TIPU UCITOIb30BaHM Y KOMOWHAIIUYT
metonoB UIIC u ropsaueit akctpy3uu [4, 32, 33]. IIpu
3TOM CTOUT OTMETUTD, UTO TaHHBIC MaTepUaJIbl He 00-
Jlajiany HanboJjiee BBICOKON OTHOCUTENBHOM MJIOTHO-
CTBIO Cpeau Bcex paccMoTpeHHBIX KM.

YnpouHsiowme MUKpPO- M HaHO[00aBKK

K HacTosmeMy BpeMeHH B Ka4eCTBE YIIPOUHSIO-
meit dasel B AI-KM 06b1711 opoOOBaHbI CEAYIONINE
Tunbl HaHogoOaBok: Al,O3, AIN, SiC, CuO, B,C,
Li;N, CHT, BNHY, BNHT u ap. [15, 18, 22, 24, 29,
34—42].

OcHoBHOIT pobGaeMoit Tpu pa3pabotrke Al-KM,
YIIPOYHEHHEIX YTJIEPOOAHBIMUA HAaHOTPYOKaMM, SIBIISI-
ercsa obpazosaHue dasnl Al4C;, KOTOpasg MOXET IpU-
BOJUTH K OXpYITYMBaHMIO MaTepuaja. DopMupoBaHUe
9TOoi (pa3bl BO MHOTOM 3aBUCHUT OT Ie(DEKTHOCTH II0-
BEPXHOCTU YIIPOYHUTEJIS, a TAaKKe BPEMEHU U30Tep-
MUYECKON BBIIEPXKKU TIpu criekanuu [35]. B ciyuyae
BO3HUKHOBEHUSI HaHOpa3MepHoro cinost Al,C; mexay
Al u CNTs, mpoYHOCTb TpaHUIl pa3aeiaa MOXET BO3-
pactath [43]. ODHaKO CTOUT OTMETUTD, UYTO KOHTPOJIb
TonUHBI cost Al,C; IBsIETCSL JOCTATOYHO CIIOXHOMI
3agaueii. O6paszosanue ¢asbl Al,C; HabM0OLaI0Ch BO
MHorux Al-KM, B KOTOpBIX yIIpOYHSIOUIME 100aB-
KM cogepxanu yriepon. Hampumep, B cocrae KM
Al/SiC, nomumo Al, Si, C, SiO,, SiC, Al,03, Al4SiCs,
Al ;Sij 150, g5, mpucyTcTBoBana dasa AlyC;, npuso-
Is1Iasi K oxpynmuuBaHWio Mmatepuaia [21]. Kpowme Toro,
Hanuuue AlyC; NOHMKaJI0 KOPPO3UOHHYIO CTOMKOCTD
KM, Tak kaxk Al4C; 1erko B3aUMOIEICTBYET ¢ BOLOM
¢ obpa3oBaHUEM THAPOKCHUIA AJTIOMHHHUS COTJIACHO
peakuuu

A14C3 (TB.) + 12H20 (}K) = 3CH4 (l") + 4Al(OH)3 (TB.).

IIpy 3TOM yBenuUYeHUE COAEPXKAaHUS KpPEeMHUS
MPUBOLMIIO K YMEHBLIEHUI0 00beMHOMI n0au Al,Cs.

Eme omHMM mNEepCHeKTUBHBIM YOPOYHUTEIEM
Al-KM sasnserca 6opun tutana (TiB,). OnuH u3 oc-
HOoBHBIX HepoctaTkoB KM Al—TiB, coctout B dop-
MUpOBaHUU oxpynuusawoleii ¢asbl Al;Ti. YToObl us-
O6exaTh 0bpa3oBaHUS 3TOU (ha3bl, TPUMEHSIJIU ABYX-
craguitnbiii cuHTe3 (MIIC + ropsuas skctpy3us) [34].
B pesynbrare ObL1 MOAyYeH HAHOCTPYKTYpHBI KM ¢
npeaenoMm npouyHoctu 543 MIla.

OpuruHaabHBIN ToAX0H K moay4yeHno Al-KM 6b11
MpeaIoxeH B padote [32]. B kauecTBe yIIpouHsIOmei

¢as3bl ObLIM UCTIONb30BaHbl HaHOUacTULBI AIN, dop-
MUpPYIOIIUECS in Situ B XOIe CUHTE3a, o0pa3ylolire B
MaTpHUIle pPa3BEeTBICHHYIO IIPOCTPAHCTBEHHYIO CETh
W3 IIeTOYeK JBOMHWKOBAHHBEIX HaHodacTwl. KM
MMeJl BBICOKHME 3HAYCHHUS MPOYHOCTH KaK MpU KOM-
HaTHO# Temmeparype (518 MIla), tak u ipu ¢ = 400 °C
(125 MITa).

IToMrMO OTHOPOAHBIX HAHOYACTHIL, JJISI CO3AAHUS
KM wucnonp3ytor u 6osiee cloXHble HAaHOMOOABKU,
HanpuMep, YacTULbl TUMA SIAPO-000JouKa. MeToau-
Ka nosiyueHus: HaHovactul Al,0;—SiO, onucaHa B
pabote [20]. CHayasa HAaHOYACTHUIIBI ATIOMUHUS IO~
Beprajau OKUCICHUIO C 11eJIbl0 (OPMUPOBAHMS Ha MO-
BEpXHOCTU OKcuaHoro ciaos Al,O5;. 3areM mosyyeH-
Hble YacTULLI 0O0pabaThiBaiu CTAOMIU3UPYIOIIUM
areHToM — noauBuHUJINUpponuaoHom (ITBIT), moc-
JIe 4Yero MeTOIOM 30JIb-T€Jib HAHOCHUJIM ITOKPBITHE
Si0,. I'mOpunHble YacTULbI NpeAHA3HAYEeHbl, B Mep-
BYIO o4epenb, M nmoauMepHbix KM, oqHako mMeTon
X TTOJTYYEHUSI MOXET IPUMEHIThCS A1 GyHKIIMOHA-
JIM3AINY MOBEPXHOCTU YACTUIl YIPOUHsIomei (a3bl
C LEJbI0 YBEJIMYEHMS MMPOYHOCTU TPAHUI] pasaesa C
Al-marpuueii.

M3BecTHO, YTO OOHOPOMHOCTH pacCIpeacIcHUS
yIpoYHSsTIoei (pa3bl B 3HAYMTEILHON CTENIEHU OTIpe-
JIensieT MPOYHOCTHBHIE xapakTepucTuku KM, omHa-
KO MOpP(}OoIOTHs YacTUIl YIIPOUHSIOIIEeH (pa3bl TaKXKe
“MeeT BaxHoe 3HaueHue. Hampumep, ObuUIO moka-
3aHO, YTO IPU OJMHAKOBBIX 00bEME U Macce 4acTUI]
ypouHstiomeit ¢passl (BNHT) MakcuMmaIbHBIN BKIA
B YIIPOYHEHWE BHOCST T€ YaCTUIILI, KOTOPhIE 00Iana-
10T OOJIBIIIEH TMJIOIIAAbI0 TPAHUIIBI pa3aeiia ¢ MaTpu-
meii [13]. DTo cBA3aHO ¢ TeEM, YTO POCT ITPOYHOCTHBIX
XapaKTepUCTUK MaTepuajia OCHOBaH Ha TOPMOXEHUU
IBUXKEHUS TUCIOKALIMN HA JMCIIEPCHBIX BKJIIOUCHM-
ax [44]. OTMeTHM, 9TO BBeldcHUE CHEPUUCCKHUX Ua-
ctuir h-BN Tak:ke mo3BoJisieT 3HaYUTeJIbHO MOBBICUTD
npouHocTh Al-KM [16, 25].

B kadecTBe ympouHsiomiein (a3pl Takxke pac-
CMaTpUBAIOTCS pa3JUYHble MeTalaudyeckue Mo0aB-
ku. Hampumep, cpaBHeHUE YIPOYHSIOIUX 3hPeK-
TOB OT BBEOECHUS KEPaMHUYCCKUX MHKPOYACTUIL
Al,O; 1 MeTa/IMYECKUX aMOP(HBIX MUKPOYACTUIL
Alg4NigVsZrs, mNONyYeHHBIX TIyTEM H3MEJbYEHMUS
aMmopdHoii 1eHThI AlgyNi¢VsZrs, Ha IpuMepe YUCTOro
Al u crutaBa 2618A nposeneHo B pabore [23]. O6a Tuma
J00aBOK MO3BOJMJIM MOBBICUTH Mpenes MpouHocTu Al
no 140—150 MIla, ogHako BBeleHUE KepaMUUECKUX
YacTUIl, B OTJIUYUE OT aMOP(PHBIX METAJIMYECKUX,
MPUBEIO K 3aMETHOMY YXYIIIEHWIO IJIACTUYHOCTU
Al. TaHHBI# 3 (DEeKT 00BSACHSIETCSI BHICOKOM aare3unei
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MEeTaJUIMYEeCKHUX YaCTUII K Al-MaTpuIle 1 TOPMOXKECHM-
eM TpelIMH Ha I'paHuIlaX pa3aesia MaTpUIlbl U MeTaJl-
JINYECKUX BKIIIOUCHUA.

CtpykTtypa u cBoitctea Al-KM

Ha puc. 2 nokazaHbl npumepsl cTpyKTypbl KM
Al—BN.

O6pa3zoBaHue mpomMexyTouHbix a3z B KM AI—BN
BHOCHUT CYIIECTBEHHBIM BKJaa B YBEIUYCHHUE IPOY-
HOCTHBIX XapaKTepUCTHK MaTepuana. W3ydeHue
BJIMAHMA MUKpopa3MmepHbIX yactull (BN, B, Li;N) Ha
IMIPOYHOCTHBIC XapaKTEPUCTUKU HAHOCTPYKTYPHBIX
Al-KM, nonay4yeHHBIX METOJaMU MEXaHUYECKOro aK-
TUBUPOBAHMS TOPOIIKOBBIX CMECEI U MOCAEAYIOIIEero
WUIIC, mo3BoINI0 YCTAHOBUTH ONTUMAJbHbBIE COOEP-

Puc. 2. D1eKTpoHHO-MUKpOCKOIIMIecKue n3oopaxeHus ctpykTypsl KM Al—-BN

a, 6 — rpannna pasznena BNHT—AI [13]; 6, ¢ — nByxdasnbiii Al/BNHY-kapkac o rpanuiiam 3epeH Al, oGpa3yomuiicst
TIPY N30TEPMUYECKOIA BhIIepkKe S MUH (6) 1 60 MuH (e) B iponiecce UTIC [17]; 9, e — BTOpuuHBIe (a3bl, OpMUPYIOIIUECS

Ipu moylydeHun HaHocTpykTypHoro KM Al—-BN [25]

[IpencraBieHHbIe PUCYHKM TepereyaTaHbl ¢ pa3pelieHus u3naaTeabcTa «Elsevier»
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XXaHWS YOPOUHSIOMUX A00aBOK, oOecrnedyrBaronime
MaKCUMaJbHBIM BKJIaJ B yIIpouHeHue (puc. 3, ¢). Hau-
Oostblllee YBEeIMUECHHUE IMPOYHOCTU KaK IIPU KOMHAT-
HoM, Tak ¥ npu noBeiieHHOM (500 °C) TemmepaTypax
HaOJII0AAaI0Ch ITPU BBEASHUHU B Al-MaTpully MUKpoOYa-
ctutl h-BN (puc. 3, ¢, 0) [25]. YopouHstomuii 3¢ hexT
JOCTUTAJICS 3a cYeT (DOPMUPOBAHUS MEJIKUX BKJIIO-
yeHuil AIN u AlB,. BaxxHbIM yciioBUEM MPOTEKaHUS
XUMHU4YecKoro Bzaumoaeucteust mexay BN u Al aBiis-
eTcsl UX paBHOMEPHOE paclipeesieHue B 00beMe MaTe-
puaJia B MpoILecCe BHICOKOIHEPIeTUIECKOTO MEXaHH-
YeCKOro IepeMeIINBaHUS B TUIAHETAPHON MEJIbHUIIS
¥ CONYTCTBYIOIIET0 aKTUBUPOBAHMS ITUXTHL. YacTu-
ubl AlB, BblOENSIMCh BHYTPU 3€pEH aJlOMMHUA, a
ux pa3mep Bapbuponajcd ot 0,25 o 1 MkMm. B To ke
BpeMs BbiaeaeHue ¢da3bl AIN OblI0 OTMEUEHO TOJIBKO
10 rpaHuIIaM 3epeH (cM. puc. 2, d, e). Hauboee Bbico-
KMX 3HaueHu# npouyHocTu — 386 MIla (ipu =20 °C) u
170 MITa (ripu ¢ = 500 °C) — ymanoch AOCTUYb MIPU BBE-
JeHun B Al-marpuily cooTBeTcTBeHHO 4,5 1 7,0 Mac.%
BNMU. IIpenen npounoctu KM AI—BNHT, B kKoTto-
poMm Habjwonanu BeigeneHue yactuu Al(B,N), coctas-
s 420 MIla (cm. puc. 3, @) [13]. deTanbHoe u3ydyeHue
BIMSHUS TEXHOJOTMUYSCKHMX IIapaMEeTPOB IIpoliecca
HTIC Ha MUKPOCTPYKTYPY U MEXaHUUYECKKE CBOICTBA
KM 65110 BeInosiHeHO B padote [17]. [TokazaHo, uyTo rmpu
HeOoJbIIoM BpeMeHU Bhiaep:kKy BNHY Obiu miioxo
CBsI3aHbI ¢ Al-MaTpulieit, UTo, B CBOIO OUepe/lb, IPUBEJIO
K HU3KOMY yIpouHsoneMy a¢gdexry. [Ipn ontumanb-
HOM BpPE€MEHU BBIICPXKH ITOCTUTATIACH XOPOIIast ajare-
3ust BNHY ¢ Al, 4To Mo3BOJIUJI0 MOBBICUTHh MPOYHOCTD
¢ 90 mo ~150 MIla (cM. puc. 2, 6, e 1 puc. 3, 6).

Ha puc. 3 nmpencraBieHBl nuarpaMMEl «aedopma-
USI—HAIpPSKeHUe», a TAaKKe TUCTOTPpaMMEI, OTpaXKa-
IOIIMe Pe3yabTaThl U3MEPEHUST MPOYHOCTHBIX Xapak-
tepuctuk KM Al—BN, Al—B u Al—Li;N.

B pabGore [29] mokazaHo, 4yTO mpeaBapuTeIbHas
¢yukuuoHanu3auuss BNHT mo3BossieT yBeaIU4YUTH
nmpouHOCTh rpaHull pasgena KM BNHT/Al. ®yHkim-
oHanu3zauio BNHT amuHorpymnmnamu npoBoauiIu mo-
CPENCTBOM YJIBTPa3BYKOBOI 00pabOTKHM, a TaKKe MyTeM
nocjenytouiei o6padboTKu B IMJIaHETApHON 1IapOBOM
MenbHule B npucyrctBun NHHCO;. V nonyueHHbIX
KM orMeuanoch MOBBIIIEHWE MUKPOTBEPIOCTU Ha
35 HV 1o cpaBHeHuto ¢ KM, ynmpoyHeHHBIMU He(pyHK-
uoHanusupoBaHHbIMU BNHT. 310 00BsIcCHSIETCS 60~
Jiee paBHOMepHbBIM pacrpeaenaeHueM BNHT B maTpuiie
Al 1 o6pazoBaHKEM nepexonHoro cios AlB,.

WN3yuyeHne MexaHMYeCKUX xapakTepucTuk KM Ha
ocHoBe Al—4,5Mg (Mac.%), ynpouneHHoro BNHUY,
o110 mpoBeaeHO B pabote [31]. PaccmarpuBaeMbie

KOMIIO3UTHI OBIIM TIOJIYYEHBI METOJIOM ITPONMUTKU B
arMocdepe azoTta 6e3 npuiaoxeHus gasiaeHus. [Ipe-
IeJl TIPOYHOCTU M YCJIOBHEIN IIpenesl TEKY4YeCTH CO-
oTBeTcTBeHHO coctaBuau 390 u 233 MIla (KM Al—
4,5Mg/BN (5 00.%)) u 416 u 268 MIla (Al—4,5Mg/BN
(7,5 06.%)). PocT MpOYHOCTHBIX XapaKTepPUCTHK CO-
ITPOBOXIAJICSI CHUXXKEHWEM BEIWYUHBI OTHOCUTEINb-
Horo yanuHeHus ¢ 12 % s Al—4,5Mg/BN (5 06.%)
no 10 % nna Al—4,5Mg/BN (7,5 06.%). Iponutke
TMOPOIIKOBOM CMECH PacCIlIaBOM aJIIOMUHUS CIOCO0-
CTBOBaJIM CyOAMMaIus (BO3TrOHKA) MarHus U MocJje-
IyIoIIee ero B3aMMOIEHCTBIE ¢ a30TOM, UYTO IPUBEIIO
K (popMupoBaHuio pa3sl Mgz;N, Ha TOBEPXHOCTH Ya-
CTUIl YIPOYHUTENI. DTO MOBBICUJIO CMaYMBaeMOCTh
gacTull BN 1 B 3HAUMTEILHOM CTETIEH! YIIPOCTUIIO UX
MPOIUTKY XKUJIKHUM aJTIOMUHUEM.

PesynbraThl MccieqoBaHUS BIMSHUS YIIPOUYHSIO-
et ¢pasel TiB, Ha MexaHMYeCKMe CBOWCTBA HAHOCTPYK-
TypHOro Kommnosuta Al—4,5 Cu (mac.%) nipuBeqeHbI B
pa6ote [19]. KM ObL1 mojiy4yeH myTeM MeXaHMYeCKOro
IepeMelIMBaHus paciuiasa nop cioeM coneit K, TiFg u
KBF, ¢ 3ananHoii ckopocTbio (540 06/M1H), YTO MO3BO-
JINJIO 00eCIeuYnTh 00Jiee MOJIHOE MPOTEKaHUE peaKIuU
AlB, + Al3Ti — TiB, + 4Al 1 usbexatb GopMUPOBAHUS
nobounoi gasel Al3Ti. B TO ke BpeMs yacTHU1IbI yIIPOY-
Hsmoweil ¢pasel TiB, okasanucs paBHOMEPHO pacnpene-
seHsl B Al-marpurie. [Ipenen MpoYHOCTH MOJTYyIeHHBIX
KOMITO3UTOB yBeauuuica ¢ 166 MIla mo 212, 223, 251
u 243 MIla ripu cKOpOCTSIX TIepeMellBaHUsI COOTBET-
crBerHo 0, 180, 360 u 540 06/MuUH.

Kak oTMmedanoch BeIle, OAHOPOAHOCTb pacipee-
JICHMSI 4acTUIl YIIPOYHUTENI B 00beMe MaTpUIbl BO
MHOTOM OITpenelisieT MeXaHW4yeckue cBoiictBa KM.
Hanpuwmep, npenen npounoctu KM Al—7B (80 MITa)
ObLI CcyIIeCTBEHHO 0oJble, yeM y KM Al—12B (Mac.%)
(37 MIIa), 9yTO CBsI3aHO C HEOMHOPOIHBIM pacIipe-
nenenreM vactull AlB, B o0beme mocnenHero [26].
HMHTepecHO OTMETUTh, YTO JOMOJHUTEIbHAS TEPMO-
MeXaHnJecKass 00paboTKa MO3BOJINIA JOOJIHUTEIIb-
HO YBEJIWYUTH IIPOYHOCTHBIE XapaKTepucTUKu KM.
IMpounocts KM Al—7B noseicunacek go 100 MIla no-
clie ropsdeil mpokaTku u gocturia 150 MIla mocre
JIOTIOJTHUTEJIBHOTO OTXHUTa. DTO CBSI3aHO CO CHUXE-
HMEM OCTATOYHOM MOPUCTOCTU U POCTOM OOBEMHOI
nonu ynpouHsiowei dassl AlB,. B To e Bpems yBe-
nuueHue npoyHoctu KM Al—12B He Habn00a/10Ch,
MO-BUAMMOMY BCJIECTBUE 0Opa30BaHMsI arjioMepaToB
Oopa elie Ha CTaINK ITOJIYYSHU ST KOMIIO3UTA.

BiusiHue pasMepa 4yacTuUll yHOpouyHsIollei ¢a-
3bl Al,O5 Ha cBoiicTBa Al-KM usyuanu B padote [5].
PaccmaTtpuBanuce koHueHTpauuu Al,O5 B 1nanasoHe
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Tensile stress, MPa Strength, MPa
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Puc. 3. Jluarpammel «aeopmanusg—Hanpsikenne» AI-BNHT [13] (a); 3aBucumMocTb nipeaena npouHoct Al-BNHY
oT BpeMeHM uzorepmudeckoit Boiaepxku npu UTIC [17] (6); 3aBucumocTb nipenesna npoyHoctu AlI-BN, AlI-B

u Al-LisN oT conepxaHus ynpo4yHsolei Ga3sl B CpaBHEHUU ¢ YUCTBIM Al [25] (6);

nuarpaMmel «iedopmanusi—HanpsokeHne» 1 AI-BN, Al-B n Al-LisN [25] ();

npenen npouHocTy Al-BN, Al-B u Al-Li;N npu 7 = 500 °C [25] (d)

a: 1—Al, 2— AlIBN, 3 — AI3BN, 4 — AI5SBN, 5 — AI3BN350 (rtocte otkura ripu ¢ = 350 °C),
6 — AI5SBN350 (nocne orxura nipu £ = 350 °C), 7 — AISBN450 (nocne otxura nipu ¢ = 450 °C)

[pencraBneHHbIE PUCYHKHU TIeperevyaTaHbl ¢ pa3pemeHus n3nareibeta «Elsevier»

oT 0 10 20 Mac.% u pa3nuuHblil pa3mep yactul Al,Os
(3, 12 m 48 MKM) Ipy IIOCTOSIHHOM pa3Mepe YacTUIl
ncxomHoro Al-mopomka, paBHoM 30 MKM. Pesymbra-
Tl MEXaHUYECKUX UCIBITAHUI TOKa3aau, YTO MPOoY-
HOCTb, IIpede/l TeKY4YeCTH, IPOYHOCTh Ha CXaTue u

pacTsKeHUE BO3pacTaloT IpU YMEHBIIEHUM pa3Mepa
ynpouHsiomeil ¢aspl. MHTEepecHO OTMETUTh, UTO Y
KM ¢ MeHBIINM copepXaHUeM YIIPOYHSIOIINX 100a-
BOK OBLIM 00Jiee BBICOKME ITPOYHOCTHBIC XapaKTepU-
ctuku. HaubGoublilee 3HauyeHUe mpejaesia MPOYHOCTU
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(307 MIla) ynamoch mony49uTh ITpu BBeneHuM 10 Mac.%
yactul Al,O3 pasmMepoM 3 MKM.

B 3akioueHMe OCTaHOBMMCSI Ha KpaTKOM pac-
CMOTPEHUM HETaBHUX TEOPETUYECKUX pabOT, TTOCBSI-
IIEHHBIX M3YYEHMIO MPOYHOCTH T'paHUIl pasfesa B
KM. Hanpumep, ObUIO YCTaHOBJIEHO, YTO TOYEYHBIE
nedekThl (aTOMHBIE BaKaHCUM W IPUMECHU 3aMellle-
HHUS) OKa3bIBAaIOT 3HAUYMTEIbHOE BIMSIHME Ha IPOY-
HOCTh XMMHWUYECKUX CBSI3€ MeEXIYy HAHOTPYOKaMH
BN u Al-matpuueii [45]. BakaHcus mo 6opy cylie-
CTBEHHO WM3MEHSET CTPYKTYpy I'paHMUIBI pasiaeiia u
YBEIUIMBACT BEINIYNHY KPUTUICCKOTO HATIPSIKCHUS
CABUTA, KOTOPOE, MPU KOHIIEHTpauuu aeheKToB 6 %,
MOXeT mocturarb BentuduHsbl 1,5 I'Mla. belim Bemon-
HEHBI OIICHKW SHEPTHU CBS3W U KPUTHUUYCCKUX 3HEP-
TUi COBUTAa Ha TpaHUIle pa3feia HaHomjgacTuH BN
n Al-matpuubl [46]. Belio moKa3aHo, YTO aKTUBHBIE
XUMHUYECKHE Kpasli HAaHOJICHT IIPUBOIIT K 00pa3oBa-
HUIO MPOYHON XMMUYECKON CBA3M U KPUTUIECKOMY
HanpsixeHuto capura B ['Tla-guamnasone. Takxke MeTO-
JaMHM KJIACCHMICCKOM MOJICKYISIPHOM TMHAMUKY OBLITA
HU3YyUYeHBI CTPYKTYpHbIe IpeBpalnieHuss B KM Al—BN
B Ipoliecce ero noaydyeHus [25]. Beicokast TpoYyHOCTb
KM o0bsicHsieTcst (popMupoOBaHUEM TpaHUI] pasie-
aa (111)4; // (0001)4;n C BBICOKOI BHEpruei cBs3u u
(111) o1 // (0001) o1p, € BEICOKMMHU 3HAYCHUSIMU KPUTH-
YeCKOT0 HAMPSKEHUS CABUTA.

TeopeTnueckoe MOOEAMPOBAHUE TAKXE WCIOJb-
30BaJIOCh IIPU PACCMOTPEHU M MEXaHUUECKUX CBOMCTB
Al-MK, ynpounennwsix CHT [47, 48]. [1pu pazpaboTke
COOTBETCTBYIOIIUX MOJeseli HeOOXOAUMO YUYUTHIBATh
MHOXECTBO pa3JM4YHbIX (haKTOPOB, HAIIPUMEP TeoMe-
TpUYECKYIO HOpMYy HAaHOIOOABOK, pa3HOCTh KO3 hu-
IIMEHTOB TETJIOBOTO PacHINpPEeHUST BKIIOUEHUNU U Ma-
TPUIIbI, @ TAKXKEe MEXaHM3M TOPMOXEHHU I JUCTOKALIU
OpoBaHa. YCTaHOBJIEHO, YTO HAMOOIBIINMA YIIPOYHSI-
omui 3¢dekT Ha Al-MaTpuily OKa3blBaIOT MPSIMbIC
CHT, nexamiue B 0qHOM HampaBJIeHUU U 00JIagaio-
e TOHWXCHHBIM KO3GMOUIIMEHTOM TeMIepaTyp-
Horo pacimupenus [49]. IIpounocts Al-KM moBsItia-
Jnachk ¢ poctoMm aiauHbl CHT po ~2,0+2,5 MKM, mociie
Yero Ipees MIPOYHOCTU MPAKTUIECKH He MEHSIJICS, B
TO BpeMsI Kak Ipeies TeKy4eCTH IMHEIWHO BO3pacTall ¢
poctom aauHbl CHT BrinoTs mo 10 MkM. YBenuueHue
nnametpa CHT nmpuBogmiIo K CHUKEHUIO MeXaHWYe-
cKux cBoicTB Al-KM.

3ako4yeHue

PaccMoTpeHO coBpeMeHHOE COCTOSTHUE HCCIeno-
BaHUI B 00JIaCTH IPUMEHEHUSI MUKPO- ¥ HAHOCTPYK-

TYp B KadyecTBe yIMpouHSwIKX ¢a3 npu pa3zpaboTke
METaJIJIOMATPUYHBIX KOMITO3UIIMOHHBIX MaTepuaioB
Ha OCHOBE aJllOMMHHA. B KadecTBe YNpPOYHSIOIMIMX
J00aBOK OMpOOOBaHbI HAHOTPYOKM yrjiepoaa U HU-
Tpuja 6opa, yactuubl Al,Oz, AIN, SiC, CuO, B,C,
Li;N u BN. BonpmmHCTBO pabOT HampasIeHO Ha
orpesieieHe ONTUMAIbHOTO COIMepXKaHUs YITPOUHSI-
o1mux a3, U3ydyeHue XMuMUIECKOTO B3aUMOACHCTBUS
Ha TpaHHUIIAX pas3leiia M YCTAHOBJICHUE CBSI3M MEXIY
MUKPOCTPYKTYpPO#l U cBolicTBaMu. K OCHOBHBIM Me-
TOJAaM MOJYYEHU S KOMIIO3ULIMOHHBIX MaTEPHAJIOB Ha
OCHOBe Al, yIpOYHEHHBIX HAHOCTPYKTYPaMU, OTHO-
csTCsA: Topsiyee IMpeccoBaHKe, NCKPOBOE TJIa3MEHHOe
CrieKaHMe, ropsyasi 3KCTPy3Wsl, XOJOAHAasi U Topsi-
Yast IIpoKaTKa, KpyYeHUEe IOA BEICOKMM HaBJICHUEM,
CMIMHHWHTOBAaHMWE M3 paciliaBa, PacIlJIaBHBIN METOI.
TeopeTnueckoe MoIeIMpPOBaHUE WUIPAET BaxKHYIO
poJb npu pa3dpaboTke HOBbIX BUIOB KM, naBasi Bo3-
MOXHOCTB OILIeHMBaTh MPOYHOCTh TPAHMIL pa3jeia B
3aBMCUMOCTHU OT TUITAa U MOPGOJOTUM YITPOIHSIOIIUX
¢as3, TMna ¥ KOHIEHTPAIINX ITOBEPXHOCTHHBIX IeheK-
ToB. Cpenu OOJIbIIOr0 YKUCIa pa3aIUuYHbIX YITPOYHSI-
IOIIUX J100ABOK MOXHO BBIACIWTH IeKcaroHaJ bHBIM
HUATPUI 60pa KaK OOWH U3 HanbOoJiee IepCIeKTUBHBIX
MarepuasoB, 00eCIeYnBaOIIMX BEICOKME ITPOYHOCT-
HbIE XapaKTepPUCTUKU KOMITO3ULIMOHHBIX MaTepUaoB
TP TTOBBIIIICHHBIX TEMIIEpaTypax.

Paboma evinoanena npu gpunarcoeoii noodepaicke
Munucmepcmea obpaszosanus u Hayku PO
(3adanue Ne 11.937.2017.119).
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PazBuTne MarepuanoBeaeHUs TPAAUIIMOHHO OCY-
IIEeCTBJISICTCS Ha 0a3e IepemoBBIX ITOCTUXCHUMN Du-
3UKU, XUMUM U UX HUHXEHEPHO-TEXHOJOTHMYECKUX
IUCHUIUIMH U TpujoxeHuii. MopMaiabHO IOsIBJIE-
HHUE 3TOM CAMOCTOSTEIBbHOW HAYYHON MUCUUILIMHBI
CBSI3bIBAIOT C oOpa3oBaHMEM IepBbIX Departments
of Materials Science & Engineering B Benymux ame-
PUKAHCKUX W OpUTAaHCKMUX yHUBepcuTeTax. Tpaau-
LIMOHHBIE CTUMYJbl PAa3BUTUS MPUBOAUIN (HPUUKOB
U XMMMKOB TJIaBHBIM 00pa3oM K M3YyYEHUIO TeX He-
CTAaHJAPTHBIX (IIOOOMBITHBIX!) CHCTEeM, TOBeIeHUE
KOTODPBIX CYILIECTBYIOIIME Ha TOT AEHb IpeacTaBlie-
HUS (TeOpUU) HE MOIJIU OOBICHUTH. OCOOEHHOCTHIO
K€ MaTepUaJIOBEIUECKOM HAYKHU SIBIISIETCSI €€ «COLU-

ajJbHasl 3HAUMMOCTb», 00yCJIaBIMBaloIIast IPUOPUTET
MpPUHILIMIIA COLIMAJIbHOM MOJE3HOCTU HaJ STUMMU CTU-
mynamu. [ToaToMy U IJIaBHBIM IIPEAMETOM COOCTBEH-
HO MaTEpUaAJIOBEIUECKOM HAYKU SIBJISIIOTCS HE TEOPUU
CTPOCHUS TBEPOBIX TeJ (MaTepUayioB) M X CBOICTB,
KaK TIPEICTaBJISIIOT HEKOTOPbIE HWCCIEN0BaTENU, a
MMEHHO au3aiiH (pa3paboTKa) MaTepuaioB ¢ HEO0X0-
NVIMOM CTENEHbIO MOJIE3HOCTU, €ro aJropuTMU3ALUS
W ONTUMMU3ALMUI 3TOW caMOW ITOJIE3HOCTU; MMEHHO
TaKOU KOHUEILIUU U IIPUIECPXKUBACTCS aBTOP JaHHOM
paboTHI [1, 2].

HuanekTrka pa3BUTHUSI MaTepualoBeeHNs B 3Ha-
YUTEJIbHOM CTENEHU OTINYAETCS OT TAKOBOI B (hU3UKE
M XMMMU, YTO MOXXHO TTOKa3aTh HAa MpUMepe AU3aiiHa
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MarepuajoB Ha OCHOBE TYTIOIJABKWX COCIMHEHUN.
BnepBoie oTKpbITEIE MyaccaHoM oKoJ10 125 et Ha3az
KaK pe3yJIbTaT Pa3BUTHS BEICOKOTEMIIEpAaTYpPHOI X1-
MUWM, TYTOIJIaBKUE COEAUHEHMS (KapOuabl, OOpUIbI
u ap.) [3, 4] cpa3y ObLIM OTMEYEHBI Cpeny MHOXKECTBa
cyocTaHIInii Oj1arogapss CBOMM YHUKAJIBHBIM CBOMCT-
BaM; HECOMHEHHO, YTO B MEpPBYIO ouyepeab — 3TO
CBEPXBBICOKME TeMIIEpaTyphbl ILIABJCHMS, a TaKXe
TBEPAOCTh 3TUX COCOAMHEHUI METajjIOB M HEeMeTall-
JIOB ¢ 60pOM, yIiiepoaoM, a30ToM U Ap. JanbHeiue
HCCJIeNOBaHUS MOKa3aJii, YTO YHUKAJIbHbIE (PU3UKO-
XUMHWYECKIE CBOMCTBA SIBIISIIOTCS CIEACTBHEM (op-
MHUPOBaHUS B 3TUX COCAMHEHUSIX COBEPIIEHHO He-
OOBIYHOTO XapaKTepa MeXaTOMHOI'O B3aUMOIEUCTBUS
U xuMuueckou cBsa3u [5—7]. IlapamokcajibHO, HO
MpakTUYecKass peaau3amus TYTOIJIaBKOCTH KapOu-
JIOB ITyTeM Au3aliHa HOBBIX 3(P(PeKTUBHBIX MaTepua-
JIOB HAa MX OCHOBE Ha MPOTSXEHUN MHOXECTBA JIET He
MpUHECIa OIIYTUMBIX PE3yJbTaTOB, B TO BpeMs Kak
YCIELWIHBI MaTepUAIOBEAUYECKUNA TU3alH TBEPABIX U
M3HOCOCTOMKMX KapOUIHBIX KOMIIO3MIINI IS BECh-
Ma yMEpPEHHBIX TeMIIepaTyp NMpUBET K TeXHUUYECKON
DPEBOJIIOIIMY B LIEJIOM DPSIIe OTpaciieil IIPOMBIIICHHO-
ctu. JpyruM ImmapagokKcoM Im3aiiHa MaTepHualioB CTa-
Jla HaxojiKa Mapbl «kapouj BojbhpamMa — KoOAIbT».
BnepBrie mpuroroBieHHBle okojio 100 jmer Ha3zan,
KEepaMHUKO-METaJUINIeCKNEe KOMITO3UTHI (KEpMETHI)
TaKOTO COCTaBa J0 HACTOSIIEro BPEMEHU OCTalOTCS
MMPaKTUYECKU HENIPEeB30H IEHHBIMU 10 CBOUM «ITOJIE3-
HBIM CBOMCTBaM» HECMOTPS Ha OOIIMPHEHIIIE UCCIIe-
JIOBaHUS TI0 TOUCKY Oosee 3(HEeKTUBHBIX MaTepua-
JIOB B 9TOI OTpaciIy TEeXHUKHU, HE TIpeKpallaiouecs
IIO Celi IeHb [8].

Takum obGpa3om, auzaiitH KepMeToB [9] ctan Hau-
0osee pacIpoCTpaHEHHBIM METOIOM peaJu3aluu
CBOMCTB TYIOIUIAaBKMX COCIMHEHUII B MaTeprajo-
BEIUYECKOI IMPAKTUKE U OCOOEHHO yIauYHbIM — B TeX-
HOJIOTMYECKOM, MO3BOJIAIOLIEA MMPOBOLUTH IPOLECC
MMOJIyYeHUSI MaTepHaJioOB B 3KOHOMUYHOM pPEXMMeE
xuakodaszHoro cnekaHus. [ToqoOHbII moaX0m K KOH-
CTPYUPOBAHUIO MaTepHUaIOB IMMO3BOJISIET YCTPAHUTD B
OIIpele/ICHHON CTelNeHN TpaauIIMOHHEBIE HeIoCTaT-
KM KepaMMKHM — OOIIMPHOTO KJIacca MaTepuajioB, K
KOTOPOMY OTHOCSITCSI M BCE T€, UYTO MOTYT OBITh IIPU-
TOTOBJICHBEI Ha OCHOBE Pa3JIMIHBIX (pa3 TyromjaBKUX
coenuHeHUid. K TaKMM O4eBUIHBIM HEAOCTaTKaM Ke-
paMuKH, 110 CPaBHCHUIO C NPYTMMHU MaTe€puaaamu,
OTHOCATCS TIPEXJe BCEro XPYNKOCTh, HU3KHE TPEIIN-
HOCTOMKOCTb, TEPMOCTOMKOCTb M yIapHas BSI3KOCThb
U, HaKOHell, <«IIpoOJeMHBIe» 00pabaThIBaeMOCTh U
TEXHOJIOTUYHOCTH (puc. 1).

Puc. 1. CpaBHuTEeNbHAS IMarpaMMa pa3andHbIX
MaTepuajoB B KOOPAMHATAX «TBEPIOCTh—IIACTUYHOCTh»

Kiacc kepamMnueckrx MaTeprajioB BbIICIeH
C yKa3aHMEM OCHOBHOTO TPEH/IA UX IU3aiiHa

OnHako «KepMETHBI» TMOAXO0J B AU3aiiHe MaTe-
prajoB, KOTOPHIN MPHUBEJ K IIMPOKOMY MCITOJIb30Ba-
HUIO TYTOILJIABKUX COCAWHEHWI, B TIEPBYIO O4Yepeab
KapOuI0B, B MPOU3BOJCTBEHHON NEsITEJIbHOCTHU, HE
MO3BOJISIET peaJM30BaTh MX BBICOKOTEMIIEpAaTypPHBIC
CBOMCTBA: OTHOCUTEJIbHO cHeluduruyeckass MUKpPO-
CTPYKTypa Hapsay ¢ HUBKMMU TeMIepaTypamMH 3B-
TeKTHK «KapOoua (HUTpUI, 00puaI) — MeTaJLI» 00yca-
BJIMBAIOT KaTacTPOGHUISCKOE MaIeHNe ITPOIHOCTHEIX
XapakKTEepUCTUK KEPMETOB C POCTOM TeMIlepaTyphl
yxe B odmactu 1000—1200 °C, a cnemoBaTesIbHO, He-
BO3MOXHOCTh WX IPUMEHEHUS B 00JaCTU BBICOKHMX
TeMrmeparyp.

[MonbITKM HMCIIOJNB30BaHUS KaK OMHOGMA3HBIX TY-
TOIJIaBKUX COCAWHEHWI, TaK M WX MHOTro(asHBIX
KOMIO3UIIUI B TEXHUKE BBICOKUX M CBEPXBBICOKUX
TeMIlepaTyp IoKa3ajiu, YTo Haubosiee ciabblM 3BEHOM
TaKWX MaTepUajIOB ABJISIETCS MX HU3Kasl TEPMOCTOM-
KOCTb, T.€. HEIOCTaTOYHAas TPOYHOCTH I10 OTHOILLIEH U0
K BO3HHUKAIOIIMM IIPU HarpeBe TEPMUICCKUM HaIIps-
XKeHnsIM. Eciy B TeXHOJIOTMY Y IPUMEHEHUU Tpagn-
IIMOHHBIX MaTepuasioB, HallpuMep B MeTaJUIypruu,
OCTaBaJINCh BO3MOXHOCTHM ILJIABHOTO YBEIMYCHUS
paboumnx TeMmIiepaTyp OTHEYIOPHOM KepaMWKH U Tie-
peBoa mpoliecca UX 3KCIIyaTallui B CTallMOHAPHBI
PEXMM, TO B COBPEMEHHOM TeXHUKE HEYKJIOHHOE T10-
BBIIIICHUE SKCILTyaTallMOHHBIX TeMITepaTyp Hepas-
DPBIBHO CBSI3aHO C POCTOM BEJIMYMH TEIJIOBBIX TOTOKOB
(mo 2 MBT/M2 U OoJiee), BO3AEHCTBYIOIIMX HA TTOBEPX-
HOCTb MaTepuaJjia U IPUBOASALLIMX K YPE3BbIUAHO BbI-
COKHMM CKOPOCTSIM €ro Harpesa (110 104 K/c u 6onee)
[10]. ITpu yyacTum aBTOpa JaHHOI pPabOTHI, yXe Ha
PAHHUX CTAAUSAX UCCIECNOBAHUIN U UCTIBITAHUIA MTOBE-
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IIEHWsI CBEPXTYTOIJIABKMX KepaMWUYEeCKHX MaTepua-
JIOB B BBICOKOCKOPOCTHBIX M BBICOKOHTAJIBIIMIHBIX
ra3oBbIX ITOTOKAaX M IOTOKAaX HM3KOTEMIIEPaTypPHOM
IUIa3MBbl OBLJIO MOKAa3aHO, YTO pa3pylleHue MOHOJIUT-
HBIX M3IEJUI U3 TYroIlJIaBKUX COSAMHEHUI OOBIYHO
MIPOUCXOAUT OT IPEBHIIIAIOIINX KPUTHUUYECKHE 3Ha-
YeHUsI TEPMUUYCCKUX HATIPSIKeHWU (TepMoymap), T.e.
paHee Ipoliecca OIJIaBJICHUS 3TUX MaTepuaioB U 0e3
KaKo#-Trn00 BO3MOXHOCTH pean30BaTh UX HAUBBIC-
1IMe TeMIlepaTyphl I1aBjaeHu s, nocturampnue 3500—
4000 °C, B xayecTBe paboOUMX TeMIlepaTyp M3ICIUIA.
IIpu aTOM Takme GUNKO-XMMUUECKHE CBOMCTBA, KAK
KOPPO3WOHHAS W/WJIM 3PO3MOHHAS CTOMKOCTU TYTro-
MJIaBKUX KapOMI0B (HUTPUIOB, OOPUAOB) U UX KOM-
no3uuuit tuna ZrB,—SiC, HfB,—SiC u 1.11., urpator
3HAYUTETHHO MEHBIIYIO POJIb.

Bo3MoxxHBIe TyTH pellieHus1 NMpobjieM HecoBep-
IIEHCTBA TEXHNMYCCKOM KepaMUKHU B T13aliHE BEICOKO-
TeMIIepaTypPHBIX MaTepHrasioB ObLIN MPEIJIOXKEHBI ellle
B 1960—70-¢ roabl B BUAE IBYX OCHOBHBIX HaIlpaBJe-
HUH UCclefoBaHUM U pa3pabOTOK:

— TIOWCK TYTOIUIAaBKUX COeAMHEH M, 00J1a1atonInX

0co00li aToOMapHOU CTPYKTYypol («kpucrtaiorpadu-
YeCKUI» MOIXOM);

— MOMCK CUCTEM TYTOIUIABKUX COCTMHEHUI, MO-
IUGUIMPOBAHHBIX 0COOBIM 00pa30oM («<MUKPOCTPYK-
TYPHBIN» MIOIXOM).

B 5TH TOOBI OBIIM OTKPHITHI OTJIMYHEBIE OT MHOXKE-
CTBa JAPYTrUX TYTOMJaBKUE COENWHEHUS, TaK Ha3bl-
Baemble H-dasnl [11, 12], a 110 cyliecTBy IepBast pa3-
HoBUIHOCTL MAX-dpa3 — M,AX unu npocto «211».
Mmenno tepmuH «MAX-da3b» ncmonab3yeTcs B Ha-
CTOSILIUM MOMEHT HJISI COBOKYITHOCTU TPOMHBIX TY-
roIJaBKMX KapOMJI0B MU HUTPUIOB, 00IIasi opmysa
KOTOPBIX MOXET ObITh NpefcTaBieHa B Buie M, |AX,,
e M — 4+ nepexoaHblit Metann (Sc, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta); A — p'** anemenr (AL Si, P, S, Ga,
Ge, As, In, Sn, Tl, Pb), unu, Kak UCKJIIOUEHUE, lepO
aneMeHT Cd; X — C, N; n =1, 2 unu 3 (COOTBETCTBEH-
Ho mis 211, 312 u 413 turioB MAX-@a3) [13]. Crouc-
Tas KpUCTaJUIMUecKas CTPyKTypa 3TuX a3 ¢ BLICOKOU
CTEIIEHbIO TEeTEPOAECMUYHOCTU XUMUYECKON CBSI3U
(Tabm. 1) oOycaaBIMBaeT OCOOBII KOMILIEKC (hr3nUeC-
KUX CBOWCTB MaTepuasioB Ha UX OCHOBE. DTUM Ma-

Tabnuua 1. CuctemaTuka CUHTE3MPOBAHHDIX K HAacTOsILLEMY BpeMeHu kapouaHbix MAX-das [13]

Howmep rpymmer (B mepronax 3, 4, 5 u 6) xummaeckux ameMeHToB A B M, AX, (n =1, 2, 3) dazax

12 13 14 15 16
(I1IB) (I11A) (IVA) (VA) (VIA)
Ti,AlC, V,AIC, Cr,AIC Ti;SiC, V,PC Ti,SC
Ti;AlC,
V,AIC,
Nb,AIC Nb,PC Z1,SC, Nb,SC
Nb,AIC,
Ta,AIC Hf,SC
TasAIC,
Ta,AlC,
Ti,GaC, V,GaC, Cr,GaC Ti,GeC, V,GeC, Cr,GeC V,AsC, Cr,AsC
Ti;GeC,
Nb,GaC, Mo,GaC
Ta,GaC
TayGaCy
Ti,CdC Sc,InC, Tip)InC Ti,SnC
Ti;SnC,
Zr,InC, Nb,InC Zr,SnC, Nb,SnC
Hf,InC Hf,SnC
Ti,TIC Ti,PbC
Zr,TIC ZryPbC
Hf,TIC Hf,PbC
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TepuajgaM, o0JaZalolIMM ITOBBIIIEHHBIMU TLIACTUY-
HOCTBIO, BSI3KOCTbIO pa3pylieHUs] U YCTOHUYUBOCTHIO
K BHEIIHUM TEPMOMEXaHWYECKUM, XUMUKO-TEPMU-
YeCKUM W paguallMOHHO-3HEePreTUYeCKUM BO3MIEH-
CTBUSIM, B 3HAUUTEJbHO MEHbIILIEH CTEMEHU MPUCYIIU
TPaAUIIMOHHBIE HEAOCTATKM KEPAaMUYECKOTO Kjacca
MaTeprasoB, B TOM YUCJE 3TO KacaeTcs UX o0padaThl-
BAaeMOCTHU TPAAULIMOHHBIMU MHCTpyMeHTamu [13].

B Te e ronpl, TIaBHBIM 00Pa30M C 1IeJIbIO TTOBBI-
IIEHUsI CTOMKOCTH K TEPMUYECKUM yaapaMm (TepMo-
CTOWMKOCTH), BIIEPBbIE ObLJI TIPEAJIOXKEH U UCTIOIb30BaH
HOBBII TOJXON K AM3aiiHy MUKPOCTPYKTYPHI Kepa-
MUWYECKUX MaTepraJioB Ha OCHOBE TYTOILIaBKMX CO-
enuHeHMii. PazpaboraHHBIE HA OCHOBE 3TOrO NMPUH-
1MMa Matepuasbl MOJyYMJIM Ha3BaHUE BHICOKO-F —
HU3KO0-E KoMmo3uToB [14—16], tne £ — Moayib yopy-
TOCTU, WM TeTepoMoayiabHOU Kepamuku [10, 17].
Kaxk u TtBepnocTh, Tak u Momyib yrpyroctu (FOHra)
SIBJISTFOTCSI CBO€OOpa3HBIMU TTOKa3aTelsIMM 3HEPTruu
XMMUYECKOU CBSI3U B TBepAbIX Tenaax. [loaTomy npak-
TUYECKU BCE TYTOIJIABKUE BJIEMEHTBI U COSIMHEHUS
Hapsy ¢ HAMBBICIIMMU TeMIIepaTypaMu ILIaBJICHUS

(cyOnumanuu) xapakKTepu3ylOTCS TaKXXe BBICOKUMU
3HAUCHUSIMU BTUX PUMKO-MEXaHUICCKUX XapaKTe-
puctuk (puc. 2), o0yciaBiMBalOLIMX B TOM YUCTEe U
XPYMNKOCTb MaTepuaioB, MOJYYEHHBIX HA UX OCHOBE.
Hu3zaiiHepaM HOBBIX BRICOKOTEMIIEPATYPHBIX MaTepH-
aJIOB IpUPOIA Aajia JUIIb ONUH ¢IMHCTBEHHBIN IIaHC
B BUJE ABYX I'pacheHOnono0HbIX (YIIEpOAHON U U30-
3JIEKTPOHHOMU i HUTPUIOOPHOIT) (ha3, KOTOPhIE, UMes
BEChbMa BBICOKHE ITO TeMIIepaType IIpeaeibl TepMHUIC-
CKOM YCTOMYMBOCTHU, 00J1a1a10T B TO € BpeMsl HU3K M-
MU BeJIMYMHAMU MOIYJISI YIIPYTOCTH 3a CYET TOTO, UTO
B OJHOM W3 T'¢OMETPUUYCCKUX HAIIPaBJIICHWU, BCIEMI-
CTBHME BBICOKOW aHU3OTPONUU MEXAaTOMHOIO B3au-
MOIEHMCTBMS, 3Ta XapaKTepUCTHUKa Ha 1—2 mopsaka
HIUXE, YeM B ABYX OCTaJbHBIX HAIpaBJICHUSIX, KakK
9TO MOKa3aHo s KpUcTajja rpadguTa Ha BCTaBKe K
puc. 2. BBeneHne B Marepuabl Ha OCHOBE TYTOIIJIaB-
KUX COCAUHECHUN XUMHYICCKU YCTOMUYMBBIX IO OTHO-
IIEHUI0 K HUM MUKPOBKJIIOUEHU ! TpaduTa Uiu rpa-
¢duTonomoOHOro HUTpUAA 6opa, Mo pe3yJibTaTaM psiaa
HUCCIeNOBAHNM, KapaAMHAJIBHBIM 00pa3oM MOTUGUIIN-
pyet ux [10, 14—17].

Puc. 2. Iluarpamma «TeMmrieparypa riaBjeHus (pa3aoXeHUs1) — MOAYJb YyIIPYTOCTU» XMMUYECKUX 3JIEMEHTOB
M TYTOTUIaBKMX COCIMHEHU I (KapOUI0B, HUTPUIOB, OKCUIOB, OOPUIOB U CHJTUIIUIOB)

BcraBka — MozyJb yIpyrocTu KBa3u-MOHOKpPUCTaIa rpacduTa B 3aBUCMMOCTH OT YIJIa K HOpMaJid 6a3MCHOM TJIOCKOCTH
(BBIAEIEHO MOJIOXEHUE HU3KOMOIYJIbHBIX TPad)eHOMOT0OHBIX CTPYKTYP)
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ITeTepoMoayibHbIE KepaMUYECKHE MaTepualibl,
MOJIYYEHHBIE NYTOBOM IIJIAaBKOI, TOPSYMUM IIPECCOBA-
HUEM WJIN Ta30(a3HbIM OCaXIECHUEM, XapaKTepusy-
IOTCSI CYIIECTBEHHBIMU PA3INIUSAMH (POPMUPYIOITNX
ux da3, HampuMep TYTOILIaBKOIro Kapouja u rpadu-
Ta, ¥ IO BeMMYMHAM KO3(DDUIIMEHTOB TEPMUIECKOTO
pacuiupeHus. Jdag maTpudHoil (kapOumHoil) daszbl
9Ta BeJIMYMHA OKAa3bIBAETCS MPOMEXYTOUHOU MEXAY
COOTBETCTBYIOIIMMU BEIWYMHAMU B IMapajijiebHOM
U TIePTIEH IUKYJISIPHOM HaMpaBJeHUSIX OTHOCUTEIbHO
HopManu K 6a3ucHoil miockoctu (001) yriepomHoro
(rpacpuToBOrO) BKJIIOUEHUS, 00JIAAAIONIETO BBHICOKOM
CTETNEHbI0 aHU30TPOITUU:

)

B pe3yJbTaTe 4ero Iocje OKOHYAHUS TEXHOJOTHYEe-
CKMX oOlepaluii BKJIIOYEHUE OKa3bIBAaeTCs IMOJA BO3-
JEeNCTBHUEM BBICOKMX OCTATOYHBIX MEXaHUYECKUX Ha-
MIPSIKEHU M, pa3Inyaroniuxcs Mo BeIMUYUHE U 3HAKY B
3aBUCUMOCTH OT HampaBiieHusl. Takoe HampsixKeHHOe
COCTOSTHUE HAPSIAy C KBAa3WHACKHIIIIEHHBIM XapaKTepoOM
XUMMWYECKON CBSA3U B rpacdeHoBoil (0a3ucHOI) mjo-
CKOCTHU, TPUBOASLIUM K €€ OTHOCUTENbHOI NHEPTHO-
ctu, hopMupyer cenuduIecKy0 MUKPOCTPYKTYPY,
KOTOpPOI TIpHCYIIM TOBBIIICHHBIE AeMII(pupylonire
CBOMCTBA IMTPU PU3NKO-MEXaHUYECKUX BO3ACHUCTBUSIX,
B TOM YHCJIE€ TEPMOMEXaHUYECKOM U yIapHOM Harpy-
XKeHUsX. B TTOMOOHBIX YCIOBUSIX CBOWCTBA MaTepua-
JIOB CHCTEMBI «TyTOIJIaBKOE COeAUHEHMHEe — rpacduT
(rekcaroHajibHBIN HUTpUA 0O0Opa)» YAOBIETBOPSIOT
kputeputo Kennanna [18, 19]:

0(C(perp) < OMeC < 0LC(paral)’

@

TIOe Y,q — DHEPTUs aare3uu Ha Mex@as3HoW rpaHule
«MaTpuLa—BKJIIOYEHUEY, Y, — IHEPTUS KOTe3un Ma-
TPUYHOTO MaTepuaa, v — KoaduuueHT IlyaccoHa,
obecrieyrBasi TMOBBIIIEHHYIO BSI3KOCTb pPa3pylUeHUS
M, COOTBETCTBEHHO, BBICOKYIO TEPMOCTOMKOCTb Ke-
pamuku. Takum 00pa3oM, IU3aliH reTePOMOIYIbHBIX
MaTepuajgoB ONTUMM3UPYET BEJUUYMHY MexXdaszHOM
aare3nu, KOTopasi OKa3blBaeTCsl JOCTaTOYHO ClIa0oM,
YTOOBI 00ECIICYNTh MPUTYTUICHHUE U TTOCICAYIONICE OT-
KJOHEeHUEe pa3BUBAIOIIECcs B MaTepuase TPELIUMHBI,
HO B TO e BpeMsI OCTaeTCsl 1OCTaTOYHO BBICOKOM 1Jist
noajaepXaHus MPOYHOCTU MaTepuasa Bbillle HEO0XO-
auMoro ypoBHs. ®Dpakrorpadus reTepoMoOLyIbHOMN
KepaMMKM CYILIECTBEHHO OTJAMYaeTCs OT XapaKTepu-
CTUK HM3JIOMOB OOBIYHBIX XPYIIKMX MaTepHUajioB, TaK
Kak MJolaab peaabHON MOBEPXHOCTU, «OTKPBIBIIEH-
csi» MPU pa3pylLIeHU U TeTEPOMOAYJIbHBIX MaTepUaJIoB,
MHOTOKpPAaTHO IMPEBOCXOAUT IJOLIAAb €€ MPOeKIUU

Yad < Yoo /4T(1 — Vz),

(cBepXBBbICOKMIT KOADDUIIUEHT IEPOXOBATOCTH), YTO
MOXET OBITh CBUJETEILCTBOM TOTO, YTO B 3TUX MaTe-
puanzax TOPMOXEHUE/TIPUTYTJIEHWE TPEUMH W, CO-
OTBETCTBEHHO, MOIJOIIEHUE U paccesHue YHpyrou
9HEPrum peanusylorcs no mexanusmy Kyka—l'opnona
[20]. [TpuHUMTIBI AU3aliHA TETEPOMOAYJIbHON KEpaMU-
KU 1 KOHKPETHbIE TPUMEPhl ONITUMU3ALUY €€ COCTaBa
(00BEMHOTO COOTHOUIEHUSI MEXAY BBICOKO- U HU3KO-
MOAYJIbHBIMU KOMIIOHEHTaMU) HA OCHOBE KPUTEPUEB
TePMOCTOMKOCTU XaccesibMaHa (COPOTUBJIEHUE Tpe-
IMHOOOPa30BaHUIO, CTOUKOCTh K PACIIPOCTPAHEHUIO
TpeuuH) [21, 22] 61K IpeACcTaBAEHbBI aBTOPOM pabo-
ThI B psife nyoaukauuii [10, 23, 24].

CpaBHMBAas pa3HbIe TTOAXOIBI K TTpoOIeMaM coBep-
IIEHCTBOBAHUSI KepaMUYEeCKNX MaTepruaioB, MOXHO
clenaTh BBIBOM, YTO KaK «KpUCTaaorpaduuecKmii»,
TaK M «MUKPOCTPYKTYPHBI» MOAXOABI ITO3BOJSIOT
MOJIy4aTh HOBYIO KEPAMUKY C MOBBIIIIEHHBIMY XapakK-
TEePUCTUKAMU BSI3KOCTHU pa3pyllleHUs, BKJoYas Au-
HaMHWYECKYIO YAAPHYIO CTOMKOCTh U TEPMOCTOUKOCTD,
B COYETAHUM C BO3MOXHOCTBIO 00pabOTKM Marepua-
JIOB OOBIYHBIMU WHCTPYMEHTAJbHBIMU METOAAMMU.
OnHaKko HECOMHEHHBIMU HENOCTaTKaMu TEpPBOTro U3
9TUX TIOAXOMNOB SIBISIIOTCS CIOXHOCTh XMMUYECKOTO
CUHTEe3a TPOMHBIX COENWHEHUN, a TaKXe, YTO Hau-
0oJiee BaXXHO, HEJOCTATOYHO BBICOKME TEMIIEPATyphbl
WX TEPMUYECKOI cTaOuabHOCTU. [ToBBITIIEHHAS TITa-
CTUYHOCTb MaTepuanoB Ha ocHoBe MAX-(da3 u, Kak
CleICTBUE, HU3KOE COMPOTUBIEHUE TMOJI3YYEeCTU MO-
TYT CTaTh MPEMSITCTBUEM B Clydae JOJTOBPEMEHHON
9KCIJTyaTallMd M3AeIUi M3 TaKUX MaTepuasioB Mpu
MOBBIIIEHHBIX TeMIepaTypax, TOUHO TaK e OTKPbI-
Tast Xapanoii [25] u AHIpueBcKUM ¢ coTp. [26] BbICO-
KOTeMIlepaTypHasi CBEPXIJACTUYHOCTb HEKOTOPBIX
KOMITO3UIIUI KEPAMUUYECKUX T€TePOMOAYIbHBIX CHU-
CTEeM MOXET OTPAaHWYUBATh CPOKU NX IPUMEHEHU ST, HO
MpU TeMIepaTypax ropa3ao 0osiee BBICOKUX. BaxkHbIM
JIOCTOMHCTBOM TEeTEPOMONYJIbHON KEepaMUKU SIBIISI-
eTCsl €€ YCTOMYMBOCTD 10 OTHOIIEHUIO K BHICOKOTEM-
nepatypHoii pekpuctaiaauzauuu. I[lomodbHoe cBoOIi-
CTBO OOYCJIOBJIEHO HaJIUYMEM B TaKUX Marepuanax
MUCTIEPCU U HU3KOMOAYIBHBIX Y TEPMOAMHAMUYECKU
YCTOMYUBBIX MO OTHOLIEHUIO K MaTPULIEe BKIIOUEHUI,
BBICTYTIAIOIIMX B POJIU UHTUOMTOPOB pocTa 3epHa [27].

HexkoTopsie MaTepuanbl Ha ocHoBe MAX-ba3 06-
JIafaloT 4Ype3BblYaliHO BHICOKMMU XMMHUYECKOU ycC-
TOUYUBOCTBIO U KOPPO3UOHHOM CTOMKOCTBIO, OOHA-
KO B YaCTU Tra30BOI KOPPO3UU 3TO CBOMCTBO HE pac-
MPOCTPAHSIETCS Ha BHICOKME U CBEPXBBICOKME TeMIIe-
patypel. Ocobast 00paboTKa KapOuIHO-YTJIEPOIHBIX
KOMTIO3UIIMOHHBIX MaTepuaioB Ha OCHOBE TYTO-
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MJIaBKUX KapOWAoB 4-i Ipymiibl, 6a3upylomascs Ha
(pU3UKO-XMMHUUECKON TMPUPOJE ME30CKOMUYECKOTO
(eHOMEHa, OTKPBITOTO aBTOPOM U TIOJIYUYMBIIIETO Ha-
3BaHUE <«pUAXK-3¢hGheKT», MO3BOJSIET NyTeM OJaH-
KEeT-MPEOKCUANPOBAHUS TOJYUYUTh Ha MOBEPXHOCTU
MarepuasoB 3alllUTHbIE TPAJAMEHTHBIE CIOM Ha OC-
HOBe HauboJiee TYroriaBKMX OKCUIHBIX (a3, cTadu-
JIM3UPYEMBIX yTiaepogoM. PaHee Heu3BeCTHBIN (he-
HOMEH 3aBMCUMOCTHU OKUCJIUTEIbHBIX MPOIECCOB Ha
MMOBEPXHOCTH YIJIEPOACOAEpKAIIIero MaTepuaia oOT
TeMIIepaTypbl U AaBJIECHUS 3aKJII0YAETCS B TOM, UTO B
HEKOTOPBIX MHTEpPBaJiaX 3TUX MapaMeTPOB PEaKTUB-
HOCTb CHCTEMBI (KMHETHKA OKUCJICHMS) CHUXKAETC,
HECMOTPSI Ha pOCT MOOUJIBHOCTHU/aKTUBHOCTU aTOMOB
peareHTOB C MOBBIIIIEHUEM TEMTIEPATYPhl U JaBJICHUS
KucIopona. DTO MPOUCXOAUT 3a CYET YMEHBIIEHUS
MPOHUIIAEMOCTU 00Pa3yOIIUXCS TBEPIBIX MPOJYKTOB
OKWCJIEHUST UISI BCTPEYHO-HATpaBieHHOU auddy-
3UM aTOMOB KMCJIOPOJa M ra3000pa3HBIX IMPOIYKTOB
peakuuii (CO, CO,). CnekaHue oOpa3yoLIMXCs OK-
CUIHBIX CJIOEB TIPUBOIUT K TOMY, UYTO C TaTbHEUIITUM
MOBBIIIIEHWEM TeMTEepaTyphl M AaBJIEHUST KUCIOPOaa
nmpoiiecc 3aMemisiercsl, T.e. (HopMaabHO-KUHETUYE-
CKMe KOHCTAHTHI (IHEPTUSI aKTUBAI[UU, DKCIIOHEHTA
JaBJICHUST) MEHSIOT CBOM 3HAK Ha IPOTUBOMIOJIOX-
Hblil. Ha nuarpamme «remmnepaTypa—aaBiaeHUEe» UH-
TepBaJibl TApaMETPOB OKUCJIEHN ST, B KOTOPBIX HAOJIIO-
JaeTcs Mogo0OHOe TOBeAeHWE MaTepraioB, TTOJIYUYNIN
Ha3BaHUe o0jacTell OTpUIATeIbHONM KMHETUKHU [28,
29]. Micrionb3yst UMEHHO TaKue MapaMeTphbl, BO3MOX-
HO mojiydyeHHe OJIaHKET-MPEOKCUANPOBAHHBIX Kap-

OMIHO-YIJIEPOAHBIX MaTepuayioB (puc. 3) C IMOBBI-
IICHHON KOPPO3MOHHO-3PO3UOHHON CTOMKOCTBHIO
B BBICOKORHTAJbIIUMHBIX OKMCIUTEIbHBIX Ta30BbIX
MOTOKAaX 3a CYET CAMOPETyJIUpPyeMOro (CUHepreTu-
YeCKOTO0) MOBEACHUS MPEABAPUTEIbHO MOJTYYESHHBIX
3alIMTHBIX MOBEPXHOCTHBIX cioeB. IIpeokcuaupo-
BaHHbIE KapOUJIHO-YIJIEPOAHbIE MaTepuaabl MOTYT
coliepXaTh B IMOBEPXHOCTHBIX OKMCJIEHHBIX CJIOSIX
HemoBpeXAeHHbIE (HEOKUCJEHHbIE) YIJIepOIHbIe
KOMITOHEHTBI, B TOM YHCJie, HallpuMep, BOJOKHA, UTO
MMO3BOJISIET MCIIOJb30BaTh B HUX HEIpephiBHBIE 3D-
nnn 4D-yriepomHble KapKachkl, apMHUpPYIOIINE Kak
OCHOBHYIO MaTpully, TaK U €€ BHEUIHMWE 3allUTHbIC
npeaBapUTEIbHO OKUCIEHHbIE CJI0U. ToabKO 1000~
Hble KepaMUUeCKKe MaTepuasbl MOTYT IPEB30OMTH IO
CBOUM CJIYXKEOHBIM XapaKTepUCTUKAM MOJYy4YUBIINE
LA POKOE MPAKTUYECKOE MPUMEHEHUE B a9POKOCMHU-
YECKOM TEXHUKE YTJIEPOL-YIVIEPOAHBIE KOMIIO3UTHI,
MOCKOJIbKY pellleHue NMpo0JieMbl HAHECEHUST Ha 3TU
KOMMO3UThI 3aLIMTHBIX TOKPBITU I BECbMa 3aTPyAHE-
HO B CUJ1Y HU3KOM aAre3Mu NOKPBITUH K YIJIEPOLHON
OCHOBE.

HaHoTtexHoJsiornyeckasi peBOJIIOLMUS CYIIECTBEH-
HBIM 00pa3oM HM3MEHUJIa XOJ Pa3BUTHUS MaTepualio-
Beauyeckoi HayKu. OMHUM U3 BaxK HEUIIMX OTKPBITUIA,
MO CYTW OINpPEACAUBLIMX €€, SIBUJMCh MUOHEPCKUE
pa6otsl I'eiima u HoBocesioBa, MOCBSILEHHBIE ABY-
mepHomy (2D) yrinepony — rpadeny [30, 31]. B yepe-
Jie TIOCNEeAYIONINX OTKPBITUIM B obslacTu 2D-MoleKy-
JISPHBIX MaTepuaioB 0c000€ MECTO 3aHSJIU PabOThI
Torouu u bapcoyma c cotp. [32—35], B KOTOpPBIX OBLIO

Puc. 3. MuxkpocTpyKTypa 06JlaHKeT-MTPEOKCUAMPOBAHHBIX T€TEPOMONYJIbHBIX MaTEPHATIOB

«kapbua uupkonus — 10 06.% rpadut» (06paboTKa MOBEPXHOCTH OKHCIEHUEM MTPU BBICOKHMX TEMIIepaTypax
W HU3KUX TaBJICHUSIX B MHTepBaJjie, COOTBETCTBYIOIIEM 00JIaCTH TaK Ha3bIBAEMOI OTPHUIIATEIbHON KMHETUKY
Ha puIX-3¢hdeKT TuarpaMmMe «TeMIiepatypa — JaBJieHUe KMCIOPOIa»)

Veeanuenue — 200% (a) u 50000 (6)

78 W3BecTus By308. [TopoLkoBas METANYPrvs 1 yHKLMOHAbHbIE NOKPbITUS = 4 = 2018



7:[/1' 0l1/1aBKNE, Kepamn4eckmne n KoMnosnynoHHble matepuarsibl

Tabnmua 2. CucTemaTUKa CUHTE3MPOBAHHbIX
(akchonuaumnpoBaHHbIX) UM 060CHOBAHHBIX
(npepcka3aHHbIX) TeopeTudeckn 2D-MoneKynsapHbIX
Kap6uaHbix MX’eHoB [33—36]

Howmep rpynmsl (B mepronax 4, 5 1 6) mepexomaHbIX
MeTaioB M B 2D-MOJIeKyISIpHBIX M,,HX,,TX* n=1,2,3)
3 4 5 6
(I1IB) (IVB) (VB) (VIB)

Ti,CT V,CT
2 x 2 X CI‘2 CTx
SCchx Ti3C2Tx V3C2Tx
Cr3C2Tx
TiyCsT, V,CiT,
Nb,CT,
Zr2CTx M03C2Tx
Nb,C;T,
Tachx
HszTx T3.3C2Tx
Ta4C3Tx
* T, — noBepxHocTHbIE GyHKLIMOHANBHBIE rpynnbel —OH,
=0, —F u np.

MMOKa3aHO, YTO MYTEM CEJIEKTUBHON B3KCTPaKINU W
askchonuanuu MAX-da3, pacCMOTpEeHHBIX paHee (CM.
Taba. 1), MOTYT ObITH MOJy4YeHbI 2D-MoneKyasipHbIe
TyromaBkue coenmHeHus. OKa3ajaoch, 9YTO, Oymydu
XUMUUYECKU 00Jiee aKTUBHBIMM, aTOMBI A 2JIEMEHTOB
MOTYT OBITh CEJIEKTUBHO BbITPaBJIEHBI CUJIbHBIMU pac-
TBOPUTEISIMU U3 CIOUCTOM KPUCTAJIIMUECKON CTPYK-
Typsl M, 1AX,-da3el ¢ obpasoBanuem 2D-M, X,
MOJIEKYISIpHBIX cioeB. I1o aHanoruu (poacTBy) OJHO-
BpeMeHHO ¢ rpadeHoM 1 MAX-da3zaMu 3TH coenHe-
HUY noayuuaun HazBaHue MX’eHoB (TabJ. 2). CocTaB
MXena nyuuie otrpaxaer dopmyna M, X,T,, raoe
T, — noBepxHOCTHbIE (DYHKIMOHAIbHBIE IPYIIIBl —
OH, =0, —F u 1p., KoTopble MPUCOEAUHSIOTCS K aTO-
MaM IepexoAHbIX MeTajjioB MXeHOB B pacTBOpax B
pouecce MOJYYEHUS U MOCIEAYIOIIUX TEXHOIOTNYe-
CKUX OTlepanui.

Ha ocHoBe (QyHKLMOHAIU3UPOBAHHBIX 2D-Mo-
JIGKYJISIpHBIX TpadeHa (HAIIpuMep, B BHUAEC OKCHIA
rpadpeHa) M pazNIUYHBIX TO cocTaBy MXeHOB BO3-
MOXHO TPUTOTOBJIEHUE TEXHOJOI'MYECKUX PACTBO-
POB/CYCIICH3UI HEOOXOMMMBIX KOMIIO3UIIUM M KOH-
CHUCTEHIIMM C MCIOJIb30BaHWEM KaK BOMHBIX, TaK U
OPraHMYEeCKMX XKUAKUX cpel (B OCHOBHOM Ha OCHOBE
MOJISIPHBIX pacTBopuTeliell). HeobxomnumMo OTMETUTH
TaKXe OTCYTCTBUE KAaKUX-TMOO MacIITAaOHBIX O PaHU-
YeHU I IUIs1 peaiu3alliyi MOA0OHBIX TEXHOJIOTMYECKUX
orepanuii ¢ 2D-MonekyasipHBIMU MaTepuajiamu [35].

Puc. 4. Cxema nonydyeHusst M X’eH-rpaceHOBBIX
MaTepuraioB 2D-MonekyasipHoit cOopKu

Ha TIPOMEXYTOUHOM CTaauu 006paboTKMU
CYCIIEH3MOHHBIX KoMITo3uLuii [37, 38]

B xagecTBe ammapaTypHOTro o(OpMJICHUS IIPOMEXY-
TOYHOI CTaaAuu — HadyaJbHOro (hopMooOpa3oBaHUs,
MpeaBapsIolIero BRICOKOTEMIIEpaTypHYI0 00paboTKy
(pa3nuuHBIe BApUAHTHI CTIICKAHMSI, TOPSYIETO IIPECCO-
BaHUSA H T.I1.), MOTYT OBITH YCIIEIITHO MCIOJIb30BaHBI
ITPOCTHIC TEXHOJOTUYECKHE YCTPOMCTBA, MOAOOHBIC
ImpeacTaBiIcHHOMY Ha puc. 4 [37, 38].

TakuMm 06pa3oM, HAHOTEXHOJIOTHYECKUI MTOIXO,
10 CYIIECTBY OObEIMHMBIIMI paHee TTPUMEH SIBIIHE-
Cs M ONMCAHHBIC BHIIIE METOMOJOTUH IM3aliHa «yCO-
BEpIIEHCTBOBAHHBIX» KEPaMUUYECKUX MaTepHuasioB,
MMO3BOJISIET, B TOM YHCJIE B IIMPOKUX MaclITabax, Mc-
[0JIb30BaTh MPUHIIAI «MOJEKYISIPHON COOPKU» IJIst
ITPOM3BOACTBA U3ACINI U3 MaTepHaJIOB Ha OCHOBE TY-
TOMJIABKMX COCAMHEHUI C HAUMBBICIIMMMU (DU3UKO-Me-
XaHMYCCKMMHU XapaKTepPUCTUKAMU (BSI3KOCTBIO pa3-
PYUIIEHUSI, TEPMOCTOMKOCTEIO 1 JIp.), pean3yIOIIuMU
YHUKAJIbHbIE CBOWCTBA 3TUX COCAUHEHUU B CaMOM
I POKOM MHTEpPBaJIE TEMIIEPATyp — OT KPUOTEHHBIX
IO CBEPXBBICOKMX.

3akoyeHue

IlokazaHbl HauboJiee MePCIeKTUBHbBIE HalpaBJie-
HUS TM3aiiHa BBICOKOTEMIIEPaTyPHBIX KEpaMHIECKUX
MaTepHajioB Ha OCHOBE TYIOILUIABKUX COCIMHEHUH C
HUCIIOJIb30BAaHUEM HAHOTEXHOJOTMYECKOro IOoaXoa,
aKKyMYJHPYIOLIEro pa3paboTaHHBIC paHee KOHIICTI-
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1 MAX-da3 1 reTepoMoaybHOIA KepaMUKU U MO-
3BOJIAIOLLIETO Peain30BaTh MPUHLUIT «MOJIEKYJISIPHOM
cOOpKM» AJIS1 TTOJyUeH U s MaTEpUAJIOB C HAUBBICILIUMU
GU3NKO-MEXaHUYECKUMU XapaKTepUCTUKAMU B IIU-
POKOM MHTEPBAJIE TEMIIEPATYP.

Asmop evipadicaem ceoro 6aazodaprocms npog. A.P. Bexemogy
(YpD), . Examepunbype) u npogh. I'M. Pomanuesy (PITII1Y,

2. Examepunoype) 3a noddepicky Ha pasuuix smanax pa3eumusi
€80€20 HAYMHO020 HANPABACHUS.
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POKPUCTANNNYECKNX TUTaHOBbIX cnnaBoB BT1-0 n BT6. MNoBepxHOCTb 06pa3LLoB nepen o6y4yeHnemM npeaBapuTenbHO nogeepra-
N MexaHn4eckol wnudoBke 1 nonmposke. MNokasaHo, 4To nocse 06Jly4eHnss Ha MOBEPXHOCTUN CniaBoB GOPMUPYIOTCH NOBEPX-
HOCTHble fiedekThbl — KpaTepbl pa3nuyHbix GOpM U reoMeTpumn guameTpom oT gonen mmukpometpa Ao 80-100 mkm. Mpu aTom 3e-
pPEHHas CTPYKTypa B MPUMNOBEPXHOCTHOM C/I0€ CTAHOBUTCH 6onee 0AHOPOAHOM NO pa3Mepam U CTENeHN PaBHOOCHOCTU 3EPEH.
[N UCXOAHOro COCTOSIHUS TUTAaHOBOro cnnaea BT1-0 xapakTepHa [,OCTAaTOMHO OAHOPOAHAA CTPYKTYpa, CPEAHNI pasmep 3epeH
~0,31 MkmM, ana cnnaesa BT6 ~0,9 mkm. Mocne ogHoro umnynbca o6ay4yeHns B NPUNOBEPXHOCTHOM crioe cnnasa BT1-0 (npwu
j~3 ﬂ.)K/CMQ) HabnagaeTcsa PocT 3epeH B nonepevyHomM HanpasneHun ao 0,54 mkm, a'y cnnasa BT6 (j ~ 1 D,)K/CMZ) pasmep 3epHa
yMeHbLuaeTcs o ~ 0,54 mkm. Mocne Bosgenctensa 50 nMnynbCoOB CpeaHui pasmep 3epHa B MPUNOBEPXHOCTHOM CNOe JOCTUraet
~2,2 MkM gnsi cnnaea BT1-0 n ~1,6 mkm gna BT6. CTouT 0TMeTUTb, 4To Ans 060Mx CNaaBoB yXe nocsie Bo3aeincteus 1 umnynsca
MOLLHOIO MOHHOIO Ny4Yka GOPMUPYETCS AOCTATOYHO OAHOPOAHASA 3EPEHHAs CTPYKTypa C PABHOOCHbLIMY 3€pPHaMM.
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Zhidkov M.V., Ligachev A.E., Kolobov Yu.R., Potemkin G.V., Remnev G.E.
Effect of high-power ion beams on the surface topography and structure of submicrocrystalline titanium
alloy subsurface layers

The study covers the topography and structural phase state of VT1-0 and VT6 submicrocrystalline titanium alloy subsurface lay-
ers irradiated by high power pulsed carbon ion beams (ion energy is 250 keV, pulse duration is ~100 ns, pulse current densi-
ty is 150-200 A/cm?; surface energy density of a single pulse is j ~ 3 J/cm? when irradiating VT1-0 titanium alloy samples and
j~1 J/cm2 when processing VT6 titanium alloy samples; pulse number is 1, 5, 10, and 50). The surface of samples was subjected
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to preliminary mechanical grinding and polishing before irradiation. It was shown that surface defects are formed on the surface
of the alloys after irradiation, namely craters of different shapes and geometries with a diameter from fractions of a micron to 80—
100 um. At the same time, the grain structure in the subsurface layer becomes more homogeneous in terms of grain size and equi-
axial properties. The initial state of titanium alloys is characterized by a fairly homogeneous structure with an average grain size of
~0,31 umforVT1-0 and ~0,9 um for VT6. After one irradiation pulse, grain growth to 0,54 umin the transverse direction is observed
in the subsurface layer of the VT1-0 alloy (j ~ 3 J/cm2), while grain size decreases to ~ 0,54 um in the VT6 alloy (j ~ 1 J/cm2). After
50 pulses, the average grain size in the subsurface layer reaches ~2,2 um for the VT1-0 alloy and ~1,6 um for VT6. It should be
noted that a rather uniform structure with equiaxed grains is formed as early as after treating with 1 high power ion beam pulse.

Keywords: titanium alloys, high power ion beams, craters.
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BeepeHue

TuTaH U ero CriaBbl K HACTOSIILIEMY BPEMEHU SIB-
JISTIOTCSI OMHUMM M3 BaXXKHEHIINX KOHCTPYKIIMOHHBIX
U (pyHKILIMOHaAbHBIX MaTepuaioB. [llupokoe pacnpo-
CTpaHEHUE TUTAHOBBIX CIJABOB B aBUAlLIMU, CYIO-
CTPOCHUM, XUMHYSCKOU TPOMBIIIJICHHOCTH Y MEIM-
LIMHEe 0OYCIOBJIEHO BBITOAHBIM COUYETAHUEM BBICOKMX
MeXaHMYEeCKUX CBOMCTB U MaJIOro yAeJbHOro Beca, a
TaK>Xe BBICOKOM KOPPO3MOHHON CTOMKOCTHIO. TeM He
MeHee OTBETCTBEHHbIE cepbl MPUMEHEHUST TUTAHO-
BBIX CILJIAaBOB TPeOYIOT JaJIbHEMIIEero MOBBIILIEHUS X
SKCIIJTyaTallHOHHBIX XapaKTePUCTUK. M3BeCTHO, YTO
9KCIJIyaTallMOHHBIE CBOMCTBA U3AEIUI U3 MeTaJlIu-
YeCcKMX MaTepuaJioB, B TOM YMCJIe TUTAHa U ero CIijia-
BOB, BO MHOTOM OTIpEACISIIOTCS KAYeCTBOM 00pabOTKH
WX TTOBEPXHOCTU U COCTOSIHUEM ITPUITOBEPXHOCTHBIX
cioeB. OOHUM M3 TMEPCHEKTUBHBIX HaIlpaBJIeHUI B
00J1aCTU CO3JaHUSI HOBBIX TEXHOJOTUMM 00paboTKU
MaTepuaJsioB SIBJISIETCS MOBEPXHOCTHASI MOAU(DUKALIU S
METaJUJIOB U CIJIaBOB MOIIIHBIMU UMIYJIbCHBIMU TYY-
KaMU ycKOopeHHBIX noHoB (MUIT) [1-3].

N3yuyeHune B3aMMOAEUCTBUS MOIIHBIX UMMYJIbC-
HBIX MYYKOB 3apsIXKEHHBIX YaCTUI] ¢ METaIIMYECKU-
MU MaTepuajlaMy UMEET NaBHIOI0 ncTopulo. [TroHep-
CKHe MCCleIoBaHUS Mo 00paboTKe MHCTPYMEHTAb-
HBIX CIIJIABOB MOLIHBIM UMITYJIbCHBIM MYYKOM UOHOB
yriepona (yckoputenb «TOHYC») OB BHITIOJTHEHBI

B 1981 r. B HUU snepHoit dusuku npu TomckoM mo-
JTUTeXHU4YecKoM uHcTUuTyTe [1, 2]. Torma B KayecTBe
MUIIIEHN OblIa BhIOpaHAa WHCTPYMEHTAJbHAsI CTajlb
P6MO. Jlanee ObIM HayaThl SKCIIEPUMEHTHI 110 00-
JIYIeHHWIO KaK YHUCTBIX METAJIJIoOB — OCpUILINS, ap-
MKO-XeJie3a, MeAU IJIEKTPOJUTUIECKOW YUCTOTHI,
TUTaHa, MOHOKPUCTAJUJIOB aJIlOMUHMS, TaK U CTajeit
pa3IMYHBIX MAPOK, a TAKXe TBEPAbIX CILJIaBOB [3—6].
Lenbio 3TUX MCCIeNOBaHUM SABISIJIOCH U3yYeHUE BO3-
MOXHOCTHU TEXHOJOI'MUYECKOT0 MPUMEHEHM ST MOIIHBIX
WMITYJIbCHBIX ITYYKOB 3JICKTPOHOB U MOHOB JIJIST K3ME-
HEHUST HE TOJBKO CTPYKTYPHO-(Da30BOTO COCTOSTHUS
MOBEPXHOCTHU U MPUIIOBEPXHOCTHOIO CJIOSI, HO U Du-
3UKO-MEeXaHNIECKUX U (PU3NKO-XUMUISCKHX CBOMCTB
W3 U3 MeTaJJIoB W CIJIaBOB. B mociemytonmx
paboTax KaK OT€4eCTBEHHBIX, TaK U 3apyOEKHBIX yue-
HBIX OBLIM IIPOIOJIKEHBI SKCIEPUMEHTHI MO HCCIe-
NIOBAHUIO TPOLIECCOB, CBI3aHHBIX C TMEPECTPOUKON
CTPYKTYPBI, DU3UKO-XMMUUECKUMHU ITPEBPAIICHUSIMU
W U3MEHEHMEM ToIlorpaduy MOBEPXHOCTU W IIPUIIO-
BEPXHOCTHBIX CJIOEB MaTepUasioB IOCJe BO3AEHCTBUS
MMII, a TakxKe mokazaHa BO3MOXHOCTb YJYUIIEHUS
KOMILJIEKCA SKCIIJIyaTallHOHHBIX XapaKTePUCTUK pa3-
JIMYHBIX METAJIJIOB M CIJIAaBOB IOCJIE TaKOM IMOBEpPX-
HOCTHOI1 00paboTku [7—14]. HecMoTpst Ha mpomos-
Xaromieecss aKTUBHOE Pa3BUTHE 3TOr0 HaIpaBJICHUS,
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Ha CEerogHSIIHUIA JeHb MHOTrUe (pyHIaMeHTaJbHbIE
Borpockl Bzaumoneiicteuss MUII ¢ metannmyeckumMu
MaTeprajJaMU OCTAIOTCS HETOCTAaTOYHO N3YICHHBIMU.
B yacTHOCTH, BaxKHBIM BOIIPOCOM SIBJISIETCS YCTAaHOB-
JICHHEe MeXaHu3Ma 00pa30BaHUS MUKPOKpaTepoOB Ha
IMOBEPXHOCTH METAJIJIMYECKUX U ITOJYIPOBOIHUKO-
BBbIX MaT€pUaJIOB, KOTOPHI 1O CUX MOP HE SICEH U Je-
TaJbHO 3KCIIEPUMEHTAJbHO HE MCclieqoBaH. Takxke
MMPaKTUUEeCKU HEe M3YYEHB OCOOCHHOCTH BJIMUSHUS
HaHOCEKYHIHBIX UMNYabcHbIX MU Ha moBepxHOCT-
HbIE U MIPUMOBEPXHOCTHBIE CJIOU CYOMUKPOKpPHUCTATI-
JINYECKUX WM HAHOCTPYKTYPMPOBAHHBIX METAJJIOB U
CIIJIaBOB, KOTOpbIe, KaK U3BECTHO, 00JIaJal0T HU3KOM
TEPMUUYECKOI CTAOUJIBLHOCTBIO CTPYKTYPhl U CBOMCTB.
Llenpio gaHHOI pabOTHI SABJISIIOCH MCCIACHOBAHHE
0COOEHHOCTEe U3MEeHEeH U Tonorpaduy MOBEPXHOCTHU
U CTPYKTYPHI IPUITOBEPXHOCTHBIX CJI0EB TUTAHOBBIX
CYOMMKPOKPHUCTAJTMISCKHUX CIJIABOB ITOCJIE BO3MIEii-
CTBU S MOLLIHOTO UMITYJIbCHOT'O MOHHOTO TMy4Ka.

Martepuan u metoabl uccnefoBaHus

Jns uccnemoBaHusl ObIIM BBIOpaHbI CyOMUKPO-
kpuctaumndaeckue (CMK) turanoBsle crutaBsl BT1-0
u BT6, mosyueHHbBIE COYETAHMEM METOAOB ITPOIAOJIb-
HOI1 1 TIoNepeYHO-BUHTOBOM MpokaTok. [ToBepxHOCTH
00pa3lIoB Iepen O0JIydeHHEeM IpeaBapUTEIbHO TTOMI-
Beprajii MeXxaHM4YeCKoi NITN(OBKE W TOJUPOBKE 10
«3epKaJbHOro OJjiecka» Ha ycTaHoBKe «LaboPol-5»
(Struers, JlaHuS) ¢ TpuMeHEeHWEeM abpa3nBHOI OyMaru
W aJIMa3HBIX CYCITICH3U .

O061y4YeHre MOIIIHBIM UMIYJIbCHBIM UOHHBIM ITyY-
koM (MMUII), cocTosimmM 13 MOHOB yTIJIepona U IIpuMe-
CY MIOHOB BOJIOPOJIA, ITPOBOIMIN Ha TEXHOJIOTUYECKOM
yckoputene TEMII B dokycupymonieii reoMeTpuu mo-
JockoBoro nuona (ToMCKMIA TTOTUTEXHUUEeCKU YHU-
BEPCUTET) TIPU CJISTYIOIINX PEKUMAaX: SHEPTUST HOHOB —
250 k3B, nautenpHOCTh MMITyJbca ~100 HC Ha MoO-
JIYBBICOTE, MJOTHOCTh TOKa B HUMIIyJabce — 150+
200 A/cM? (IUTOTHOCTB TOKA B paboueii 06IacTH TyuKa
M3MEHs1Iach CpaBHUTEBbHO c1abo — B nipeaeiax 20 %;
Ha pacCTOSIHUM >2 CM OT LIEHTPa ITy4YKa CIaj ILIOTHO-
CTU TOKa MpoucXoaus 0ojee pe3ko). JaBieHue ocra-
TOYHBIX Ta30B BHYTPU KaMepbl HAXOAMJIOCh B Ipee-
JTax (3+4)-10_4 MM PT. CT. 3HaUeHUE ITOBEPXHOCTHOM
TUIOTHOCTU 3HEPTUU OJMHOYHOTO MUMITYJIbCa COCTaB-
Jsio j ~ 3 H)K/(:M2 npu ob0JydYeHUU o0pa3loB TUTA-
HoBoro crutaBa BT1-0uj~ 1 Ll)K/CM2 npu o6paboTKe
06pasioB TUTaHoBOrO crutaBa BT6. Yuciio uMmysibcoB
paBHsnoch 1, 5, 10 u 50. CTabuabHOCTh PEXKUMOB 00-
JIYUCHUS OT UMITYJIbCA K MMITYJIbCY O0OyCIaBIMBaCTCS

B OCHOBHOM pa30poOCOM YCKOPSIOIIETO HaIPSIKEHU ST
Ha OMOIE M, COOTBETCTBEHHO, Pa30pOCOM ILIOTHO-
CTH MOHHOTO TOKa B MAarHUTOM30JIMPOBAHHOM JUOJE.
B COBOKYITHOCTYM 3TH M, B MEHBIIIEH CTEIIEHU, IpyTHe
(akTOpBl OmpenenasiioT CTaOMJIBHOCTb IapaMETPOB
IUIOTHOCTH TOKA OT MMITyJIbca K UMITYJIBCY B Mpemae-
nmax +/— 10 %. CiegyeT OTMETUTh, UYTO MPUMEHSIEMBII
B paboTe MeToJ I1a3Moobpa3oBaHus B auopae [1] He
MIPUBOIUT K CHUXXCHHUIO INIOTHOCTH TOKa U €e pas-
OpocCy ¢ yBeJIMYeHUEM YK CIIa UMITYJIbCOB ITOCTIE CepUU
TPEHHUPOBOYHBIX BHICTPEJIOB.

HccnenoBanne Tomorpaduu mMoBepXHOCTH, CTPYK-
TYpHO-(}a30BOTO COCTOSIHUSI M KpUCTaJuiorpaduye-
CKOI1 TEKCTYPBI IIPUIIOBEPXHOCTHBIX CJIOEB TUTAHOBBIX
CIIJIABOB ITPOBOAMJIM C TIOMOIIBIO PACTPOBOTO 3JIEK-
TpoHHOro Mukpockomna «Quanta 600» (FEI, Hunep-
JIaHJbI), B TOM YHUCJIE C MCIIOJb30BaHUEM METOOUKHU
aBTOMATUYECKOTO aHaJIM3a KapTUH AUGpakIuu 00-
paTHO-paccessHHBIX 271eKTpoHOB (JIOPD-ananus).

Pe3ynbrathl U UX 06CyXaeHune

ITocne Bo3neitctBug 1 umnynbca MUII Ha moBepx-
HOCTH TUTAHOBBIX CILIABOB (POPMUPYIOTCS ITOBEPX-
HOCTHBIE Te(DeKTH THUIIa KPaTepoB pa3INIHBIX (DOPM
u pa3MmepoB (puc. 1). Tak, Ha MOBEPXHOCTU TUTAHOBO-
ro crutaBa BT1-0 B ocHOBHOM mpeo61agaloT OqMHOY-
Hble ogHO- (puc. 1, 6) 1 MHOroKOJbLEBbIE (pUC. 1, 6)
KpaTephl, UMEIOIIe 00JIaCTh «HaMJbIBa» pacIljiaBUB-
1erocsl MmaTepuasa B 30He Bo3aeiicteuss MUII B Buae
KoJiblia (BbIAEJAEHO IITPUXOBOU JuHMel). CTpyKTypa
TIOBEPXHOCTU TaKUX KpaTepoB MPaKTUUECKU HE OT-
JIMYaeTcs OT CTPYKTYPHI MOBEPXHOCTU HAILJIBIBA, ITPU
3TOM B LIeHTpe KpaTepa rocje Bo3aeicteust MUII mo-
KeT 00pa30BbIBAThCSI KaK OTBEPCTUE OKPYTJIO (op-
MBI (T1yomHOI He 60jee 100—200 HM), TaK M BBICTYII
(puc. 1, 6—e). KpaTtepbl MOryT HakJaablBaThCs APYT
Ha apyra (puc. 1, ¢), Ipu 3TOM IIPU MHOT'OUYUCIEHHOM
UX HAJIOXKEHUM Ha ITOBEPXHOCTH CIIJIaBa BO3ZHUKAIOT
NpOTSIKEHHBIE TTOBEPXHOCTHBIE nedekThl (puc. 1, d),
B LIEHTPaJbHON 00J1aCTU KOTOPHIX OOHAPYKMBAIOTCS
MIepeMBIYKH W YaCTHIIHI 3aCTHIBIICH KaIleJIbHOU (ha3bl
(puc. 1, e). [JlaHHbBIE MOBEPXHOCTHBIE J€(PEKTHl MOTYT
pacrioyiaraTbCs B JIMHUIO B BUJE CTpouekK (puc. 2, a).
CTpouKM U3 KpaTepoB, KaK MPaBUJIO, COBITAAAIOT C Ha-
npaBjcHUEeM nedhopMallii IPU TOJTYISHUH MaTepua-
Jia ¥ HallpaBJeHUeM TG OoBaHUS U MOJUPOBaHUS Ha
MMOCJIeIHEN CTaIU M TTOATOTOBKYM 00pa3Ii0B TUTAHOBBIX
CILJIaBOB nepea ux oonmyyeHnuem MUII.

Jnst tutaHoBoro cmiaBa BT1-0 mocine Bo3neii-
ctBus 1 umnynsca MUII cpeagHuii pa3amep Kpareposn
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cocTaBisieT ~50 MKM, a MOBEPXHOCTHAsI IUIOTHOCTh  ~ | JIk/cM? Ha IOBEPXHOCTM oOpasia 00pa3yloTcs
Kpatepos gocturaer ~ 2:10* cm 2. MUKpPOKpaTepsl (puc. 2, 6) ¢ CyIIeCTBEHHO MEHBIIUM

Ipu oGnyyeHum TuTaHOBoro cmiaBa BT6 on- cpemHuM pa3dmepoMm (~8 MKM), TIpU 3TOM IJIOTHOCTb
HUM HUMITYJIbCOM C TJIOTHOCTBIO SHEPTUHM B IMyYKe j ~ KpaTepoB Ha OOJYYEHHON IMOBEPXHOCTU COCTaBJISIET

Puc. 1. [TosryyeHHBIE ¢ TTOMOIIBIO PACTPOBOI 2JIEKTPOHHOK MUKpocKonuu (POM) nzobpaxkeHus: KpaTepos,
dopMupyIOIINXCSI Ha TOBEPXHOCTU TUTaHOBOTO ciiaBa BT1-0 mocie Bo3meitctBusg 1 mmmnynbca MUII

G ~ 3 dx/cm?)

a — OeJIbIMU CTPEJIKAaMU MOKa3aHbl OAMHOYHbIE KpPAaTePhl, YEPHBIMU — MIOBEPXHOCTHBIE Ae(MEKTHI, COCTOSIILIUE U3 HECKOJIBKUX
KpaTepoB; 6 — GeJIoi INTPUXOBOI CTPENKOM OTMEUEHA 30HA «HATUIBIBA»; 6,  — OEJION IITPUXOBOI IMHUEN BBLIETEHB KOJIbLIA
KpaTepoB; 0 — GeJION IITPUXOBOI CTPENIKOM MOKa3aHa LEHTPalbHas 00J1aCTh MTPOTSKEHHOTO Ae(eKTa, COCTOSILETO U3 KPaTepoB

Puc. 2. [TosepxHoCTh crtaBa BT1-0 mocse Bosneiictsust (j ~ 3 JIxx/cm?) 1 umnynsca MUTI (a)
1 POM-u3006pakeHre XapaKTepHOTO MUKpPOKpaTepa, 06pa30BaBIIIerocsl Ha IOBEPXHOCTH TUTAHOBOTO ciutaBa BT6
nocie Boszeitctsus (j ~ 1 [Ix/cm?) 1 nmmnyasca MUTI (6)

a — YCPpHBIMHU CTPEJIKaAMU ITOKa3aHa CTPOYECYHOCTD B paCIIOJIOKEHUU KpaTE€pPOB
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~510* em2. C yBeJIMUEHUEM YlMCcja UMITYJIbCOB A0 5
u 10 cpeqHuit pa3mMep KpaTrepoB U UX MOBEPXHOCTHAs
TJIOTHOCTB BO3pacTaloT (puc. 3, a, 6), 0OMHAKO B cllydyae
50 uMnyabcoB HabiogaeMasi MOBEPXHOCTHAS IJIOT-
HOCTh KpPaTepoB CYIIECTBEHHO CHUXaeTcs (puc. 3, 8)
(mo 3HaverHus ~10° cm2).

V¥V tutanoBoro criaBa BT1-0, HanmpoTus, mpoucxo-
IUT YMEHBIIIEHUE TTOBEPXHOCTHOM IIOTHOCTU KpaTe-
poOB, a Tmociie Bo3meicTBus 50 UMIYJILCOB IBHBIC Kpa-
Tepbl HAa IOBEPXHOCTHU He HabJtogaTcs (puc. 3, e—e).

K HacrosimemMy BpeMeHM CYIIECTBYIOT pa3jiny-
HBIC TIPEAIIONIOXECHHS O IMPUPOIe M MeXaHM3MaxX 00-
pazoBaHus KpatepoB. CormacHo [15], BepoOSTHBIM
MEXaHM3MOM HMX BO3HMKHOBEHMSI MOXET SIBISTHCS
HaJIMY¥Me HEOTHOPOIHOCTEH IIJIOTHOCTH ITyYKa NOHOB
B UMITYJIbCE, B TOM YMCJIe B pe3yJIbTaTe ero paccioe-
HUS uin ¢punaMeHTauuu. BeiencTBrue 3TOro MoryTt
IIPOMCXOAUTD JIOKAJbHOE IIJIaBJICHWE, BCKHUIIAHUE WU
HcMapeHre IPUITOBEPXHOCTHOIO CJIOsl Marepuala.
C yBeaWyeHUEM IUJIOTHOCTHM TOKa HEOTHOPOTHOCTH
IUIOTHOCTH ITy9Ka MOHOB B MMITYJIbCE ITOBBIIIACTCS,
YTO B CBOIO ouYepenb 00yCIaBIMBAaET POCT TLIOTHOCTHU
KpatepoB U ux pa3mepoB [16—18]. Korna Ha oGiyya-
e€MYIO TIOBEPXHOCTH IEHCTBYET MMITYJIBC 3apSIKEHHBIX
YaCTUIl C TJIOTHOCTBIO MOIIHOCTH Ha TOBEPXHOCTH
Boite 104 Br/cm?, TO B 3aBUCHMOCTH OT TeIIOMU3HU-

YeCKUX CBOMCTB 00JyyaeMoli MHIIEHU B MecTe 00-
JIy4eHUsI BO3MOXHO oOpa3oBaHUe paciiiaBa. Ero
XapaKTepHOE BPeMS CyIIECTBOBAHUS COMOCTABUMO C
IUTUTETbHOCTBIO UMITYJIbCA U3TYYCHUS (IJ1SI UMITYJThb-
COB JIUTEIBHOCTBIO MeHee 1 Mc), T.e. MHOTO MEHbIIIEe
BpeMeHU (HOPMUPOBAHUS KpaTepoB. A Korga obury-
YeHWEe OCYIIECTBJSETCS Cepueil MmociemnoBaTeIbHbBIX
WMMYJbCOB, TO HA MOBEPXHOCTU MPOUCXOJUT «CMBbI-
BaHMe» (YACTUYHOE WV TIOJTHOE) KPaTepoB, MOSIBUB-
IIUXCS IO BO3AEHCTBUEM IPEIBIAYIIETO UMITYJIbCa,
3a CYET BO3JEUCTBUS MOCIEAYIONIETO UMITYIbCa MOKO-
nenus (puc. 3, e—e).

Tak>ke o6pa3oBaHUEe KpaTepOB MOXET ObITh CBs3a-
HO C TIPUCYTCTBUEM Ta30BbIX MPUMeECeil B MaTepuale
Y BBIXOJIOM Ha PacCIIaBJIEHHYIO TTOBEPXHOCTD ITY3bIPh-
KoB raza [19, 20]. Ho B HamieM ciy4yae B UCCJIeJOBaH-
HBIX 00pa3lax HaJIu4Yue KPYITHOM U MEJIKO# ITOPUCTO-
CTH, 3aMOJTHEHHOW Ta3aMu, YyCTAHOBJIEHO HE OBIIO U
Takoi MexaHu3M (opMHUpOBaHUS KpaTepOB MaJOBE-
pOSITEH, HO B MPUHILIMTIE BO3MOXEH. ABTOPBI pabOThI
[21] paccmaTpuBalOT Takke BO3MOXHOCThH BIUSIHUS
Ha Ipolecc oOpa3oBaHMS KpaTepoB UMITYJbCa OT-
Jlayv, BOZHMKAIOIIEro MPU JIOKAJIbHOM TUIABJICHUU U
WCTapeHUN MUIeHU. Takoil MeXaHW3M HEeb3sl UC-
KJIIOYUTh, HO CTPOTMM 3KCIIEPUMEHTOM OH IIOKa He
TMOATBEPKIEH.

Puc. 3. POM-u3obpaxkeHus Tormorpachuu NoBepXHOCTH TUTAHOBBIX ciijiaBoB BT6 (a—6) u BT1-0 (2—e)

nocie Bo3aeictus 5, 10 u 50 UMMNyJIbCOB COOTBETCTBEHHO
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B pa6ote [18] ang MUII npenyioxkeHa Moaesb, B
KOTOpPOM C HMCIIOJIb30BaHUEM TEOPETHMUYECKUX pacye-
TOB MOKa3aHO, YTO IPH IIOTHOCTA MOIITHOCTH B M-
mysnbsce >10'! BT/M2 KpaTepbl MOTYT (hOpMUPOBATHCS
3a cueT oOpa3oBaHUs MJIa3MeHHOro akeya ¢ mocje-
IYIOITUM BO3HUKHOBEHHEM I'PaBUTAIIMOHHBIX BOJIH 1
HeycToWYMBOCTH PuxTmaiiepa—MelkoBa TpaHUIILI
«ILJ1a3Ma—pacniaB». Takoil MexaHu3M 00pa3oBaHUS
KpaTepoB, HECOMHEHHO, TaKxXXe MMEET IIpaBO Ha Cy-
1IECTBOBaHMUE.

ABTOpPHI [22] TIpoBenM 3KCIEPUMEHTAJbHOE HC-
clleqoBaHNe BHYTPEHHE! CTPYKTYpHl KpaTepa Ha Io-
BEPXHOCTHU CTaJii C UCMOJb30BAaHUEM MeTOAa MpPUTo-
TOBJICHUSI TOHKUX (DOJIBI MIOHHBIM ITYYKOM (M3BECTHAS
METONMKA Cross-section) U WX M3y4eHUEM METOHAMHU
AHAJUTUYECKOM MPOCBEUMBAIOLIECH BJIEKTPOHHOM
Mukpockonuu. [lokazaHo, YTO MPUITOBEPXHOCTHBIM
CITOl KpaTepa IIpeacTaBlIeH BEITSHYTHIMHA 110 HAIIpaB-
JIEHUIO K TIOBEPXHOCTU CTOJOYATBIMM 3€pHAMMU CO
CpPEeIHUM pa3MepoM (IJMHOIM) ~2 MKM, TP 3TOM KO-
93¢ PULIMEHT HEPABHOOCHOCTU 3epeH (K|,;) CHUXAETCs
Mo Mepe CMelleHus OT nepudepuitHOro KoJblia Kpa-

Tepa K ero IeHTpaJbHOM YacTu. XapakTep c(hopMupo-
BAaHHOI CTPYKTYPHI OIPEIEIEHHO CBUIACTEILCTBYET O
IIPOTEKAHUM IIPOIECCOB MJIABJICHUS M CBEPXOBICTPOM
KPUCTAJIIN3aIUM B TOHKOM MTOBEPXHOCTHOM CJIO€ 00-
nyyaemoro MUII marepuana B mpolecce odopa3oBa-
HUSA Kparepa.

Kpome nzmeHeHust ronorpaduu moBepXHOCTH IS
TUTAHOBBIX CILJIABOB BBISIBJIGHO M3MEHEHHME CTPYK-
TYPHOTO COCTOSTHUSI TIPUIIOBEPXHOCTHBIX CIIOEB 3a
cueT obnyueHuss MUII. Insg vcxomHOro cyoOMuUKpo-
kpuctamnndyeckoro (CMK) cocTosiHUS TUTaHOBO-
ro cruiaBa BT1-0 (puc. 4, a) xapakTepHa TOCTaTOYHO
OIHOpOJHas CTPYKTypa ¢ K, ~ 2, cpefHUI nonepey-
HBI pa3Mep 3epeH coctaBisgeT ~0,31 MkMm (puc. 4, 6).
BToT pasmep 3epeH s ncxogHoro CMK-cocrosHust
crinasa BT6 (puc. 5, an 4, ¢) cocraBiseT ~0,9 MKM IIpn
K.~ 1

Ilocne obnyuenuss MUII ¢ II0THOCTBIO SHEPTUU
3 JIx/cM? B IPUIIOBEPXHOCTHOM CJI0€ 0Gpasiia CILIa-
Ba BT1-0 HaGmomaercst pocT 3epeH (puc. 5, a). Ux
CpeIHMI pa3Mep B IIONIEPESIHOM HaIlpaBJICHUM COCTa-
BuJ ~0,54 MKM Mocjie OJHOTO UMIyJibca OOJIyUYeHUs

N/N, Ni/Ny
1032 :
0,241 — 1
1 0,24
0,18- |
0.12 0,16:
0,061 0,08
| J | e [] : 111]
0 0.2 0,4 0,6 08 O 0,5 1,0 1,5 20
D. MKM D. MKM

Puc. 4. CTpyKTypa IpUIIOBEPXHOCTHHIX CJI0eB TUTAHOBBIX cijiaBoB BT1-0 (a) u BT6 (6) B UCXOMHOM COCTOSTHUU
(3epeHHasi CTpyKTypa B IIBETOBOI raMMe KpucTajuiorpadudeckoro rpeyroabHuka I'T1Y-pemerku Tutana

M0 JaHHBIM AUppPaKIIUU 00paTHO-paccessHHBIX 371eKTpoHOoB (EBSD-ananu3)) u ructorpaMMbl pacipeneaeHus
3epeH 1o pa3mepam s crtaBoB BT1-0 (¢) u BT6 (2) B MCXOMHOM COCTOSTHU U
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N,/N,

i

0,24
0,181

0,12 -

0,06

02 04 06 08 1,0

D, Mxm

N,/N,

0,20
0,154

0,10 1

0,05 - (‘
0 . . :

02 04 06 08 10
D, MM

Puc. 5. CtpykTypa NpunoBepXHOCTHBIX ciioeB (POM-u3o06paxeHust) ¥ TUCTOTpaMMBbl pacripelieIeHu sl 3epeH
IO pa3MepaM IIJisi TUTaHOBBIX cTTaBoB BT1-0 (a—6) 1 BT6 (e—e) mocie Bo3neticTBus 1 mmiryrsca MUTI

a, ¢ — JeTEKTOp 00PAaTHO-PACCESTHHBIX 3JIEKTPOHOB; 6, 0 — IETEKTOP BTOPUYHBIX 3JIEKTPOHOB

N,/N,

i

0,32

0,24 4

0,16

0,084

0,201 e
0,151
0,10

0,054

05 1.0 15 2.0 25 3.0 35
D, MKM

Puc. 6. CtpykTypa npurioBepXHOCTHBIX cioeB (POM-u3o6pakeHus1) 1 TUCTOrpaMMBbl pacripele/ieHr s 3epeH
10 pa3MepaM JUISI TUTaHOBBIX criiaBoB BT1-0 (a—e) u BT6 (e—e) rocie Bo3aeiictBus 50 ummyiabcos MUTIT

a, ¢ — IETEKTOp 00paTHO-PACCESTHHBIX 3JIEKTPOHOB; 6, 0 — IETEKTOP BTOPUYHBIX 3JICKTPOHOB

88 W3Bectns By308. [lopowwkosas MeTanyprvs u GyHKUMOHabHbIE nokpsiTus = 4 = 2018



Moguncpuimposarve noBepxXHOCTH, B TOM YUCIIE MyYKaMy 3aPSKEHHbIX YacTWL|, MOTOKaMy (hOTOHOB U 11a3Mbl

(puc. 5, 6). Ilocne o0Ay4YeHUSI OOHUM MMITYJIbCOM
MUIlcj=1 Z[)K/CM2 B MIPUIIOBEPXHOCTHOM CJIO€ 00-
pa3ua BT6 pasmep 3epHa yMEHbILIAETCS A0 3HAYEHUSI
~0,54 MxMm (puc. 5, e—e). Ilpu 3TOM, KaKk BUIHO Ha
POM-u3obpaxkeHusIX, cleJaHHBIX B PeXUME pelibe-
¢a, uMeeT MeCTO TpaBJICHUE TPaHUII 3epeH U UX OT-
JIEJIbHBIX TPAHEH.

IMocne BosneiicTBust 50 nMIyabcoB (puc. 6) cpen-
HUI pa3Mep 3¢pHa B IPUITIOBEPXHOCTHOM CJIOE TOCTH-
raet ~2,2 MM A craBa BT1-0 u ~1,6 MKM — A4
BT6. CToUT OTMETUTH, YTO IJIsT OOOMX CIIJIABOB YK€
nocJjie Bo3aeictBus 1 umnynsca MUIT popmupyercs
JOCTaTOYHO OJHOPOAHAs 3epeHHasi CTPyKTypa ¢ paB-
HOOCHBIMU 3€pHaMU.

B menom monyueHHBIE Pe3YyIbTAaThl ITOKA3BIBAIOT,
YTO BO3HMKaolue npu Bosaeiictsuum MUII temo-
BBbI€ U YIapPHO-BOJIHOBBIE ITPOIIECCHI MOT'YT ITPUBOIUTH
K CYIIECTBEHHOMY M3MEHEHMIO CTPYKTYPHI IIOBEPXHO-
CTU ¥ IIPUITOBEPXHOCTHBIX CJIOEB (B TOM YHUCJIEe B Ma-
Tepuajax, NpeaBapuTeJbHO TTOABEPTHYTHIX 00paboT-
Ke mjacTuueckoin aedopmauueit) ¢ GopMrupoBaHUeM
0oJsiee OAHOPOJAHON MO pa3MepaM U CTENEHU PaBHO-
OCHOCTH 3epeH MUKpPOCTPYKTypbl. O6padoTrka MUII
OTKPBIBACT MEPCIICKTUBEI IS YIIPABIISIEMOi MHXCHE -
PYMU IOBEPXHOCTU W (DOPMUPOBAHUS TTOBEPXHOCTHBIX
yIbTpaMenko3epHUCTHIX (YM3), cyOMUKpOKpUCTAI-
mmyecknx (CMK) unmm HaHOCTPYKTYpUPOBAaHHBIX
(HC) coctosiHuMii ¢ 3aJaHHBIM pa3MepoM 3€pHa U
YIYUIIEHHBIMHU (DU3UKO-XUMUUECKUMU CBOMCTBAMU.
M3meHeHMe Tormorpacduu ITIOBEPXHOCTH 3a CUET TAKOTO
BO3CHCTBUS, B YaCTHOCTU (hOpMUpOBaHUE TOBEPX-
HOCTHBIX Je(eKTOB, HOCUT, CKOpee, HexKeJlaTeTbHbI
3 deKT, TOCKOIBKY (OpMHUpPYyEeMEBIE KpaTepbl MOTYT
CITYXWTB KOHIIEHTpaTOpaMy HaMPSIKEHW I Ha OBEPX-
HOCTM MJM MOTEHILMAJTbHBIMU HMCTOUHMKAMHU YCKO-
peHHol1 Koppo3uu [15].

CTOUT OTMETUTh, YTO AJSI KOHTPOJUPYEMOTO
dopMupoBaHUsI peabeda Ha MOBEPXHOCTU MaTe-
puamoB B CMK- m HC-cocTosHUAX ¢ TIOHHWKEH-
HOIl TEpMUYECKON CTAaOUIBbHOCTHIO B Cilyyae, Korma
TpeOyeTcsl COXPaHUTb HEPEKPUCTAJIM30BAHHYIO
MHUKPOCTPYKTYPY IPUIOBEPXHOCTHHIX CIIOEB, HaW-
JIYyYIIUM 00pa3oM MOAXOMUT Jia3epHOE BO3JACHCTBUE
yABTPAKOPOTKUMU ((DEMTO- U HAHOCEKYHIHOM JJIU-
TeABHOCTU) UMITyIbcaMu. HecMoTps Ha TO, 9TO TIpHU
BO3JEHCTBUY TaKHX UMITYJIbCOB MOTYT JOCTUTAThCS
KOJIOCCaJIbHBIC 3HAYCHU ST TMKOBOM MJIOTHOCTH MOIII-
HOCTH (HaIlpuMep, B HaIlleM SKCIIEPUMEHTE yKa3aH-
HbIE BEJIMYMHBI COCTABISIOT ~107 BT/CM2 a1 MUIT n
10"3 Br/cm? mwist heMTOCEeKYHIHOTO JTa3epHOro 00y-
yeHUs (PJIO)), mpu TaKoOH IIUTEIABHOCTH UMITYJIBCOB

IyOMHA 30HBI TEPMUUYECKOTO BIUSTHUS Ype3BbIYaii-
HO Mana. B uccienoBaHUsIX, MPOBEACHHBIX HaAMU
padee Ha CMK-cnimaBax BT6 u BT1-0 npu 6au3kux
BEJIMUMHAX TIOTHOCTE sHepruii (~1 u 3 JIx/cm?),
nocie BosaeicTBuss ®JIO 30HBI TEPMUUECKOTO BJIM-
SIHUSI B TIPUTIOBEPXHOCTHBIX CJIOSIX OOHapyKeHO He
obL110 [23, 24].

BoiBOAbI

1. O0nydyeHue TOBEPXHOCTU THUTAHOBBIX CITJIaBOB
BT1-0 u BT6 MOLIHBIM UMIIYJIbCHBIM Iy4KOM MOHOB
yIyiepoja NpUBOAUT K POPMHUPOBAHUIO ITOBEPXHOCT-
HBIX Je(PEKTOB B BHJE KpaTepOB pPa3IUYHBIX (HOpM
W TEOMETPUM TUAMETPOM OT HoJieii MUKpPOMETpa OO
80—100 MKM.

2. Oopaborka MUII mony4yeHHBIX BO3IEiCTBUEM
IJIaCTUYECKON Aedopmanmeii CyOMUKPOKPUCTAIIIM-
YyeCKMX TUTAaHOBBIX crjiaBoB BT1-0 u BT6 Boi3niBaeT
CYILIECTBEHHOE M3MEHEHHUE CTPYKTYPhl ITOBEPXHOCTU
¥ TIPUITIOBEPXHOCTHEIX CJI0EB ¢ (POpMUpPOBAaHUEM 0O-
Jiee OTHOPOAHOI Mo pa3MepaM U CTENeHU paBHOOCHO-
CTU 3epeH MUKPOCTPYKTYPHI.

Paboma evinoanena no npoepamme PAH «@ynoamenmanshoie
OCHOBbI UMNYAbCHOU CUALHOMOYHOU IMUCCUOHHOL INCKMPOHUKU»
(obayuenue oopazyoe MHUII, uccaedosanus o6pasyoe

memodom POM) u npu noddepacke eocyoapcmeennoeo 3a0anus
Munucmepcmea obpazosanus gyzam No 3.3144.2017/4.6
(QHaAU3 3epeHHOl CMPYKMYpPbl, CDABHUMENbHOE UCCAC008AHUe
30H mepmuyeckoeo eausanus npu MHUII u @JI10).
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BeeneHue

OnHUM U3 TMEePCHEeKTUBHBIX METOIOB HaHECEHUS
TBEPABIX N3HOCOCTOMKUX IOKPBITUN SBIISIETCA 3JICK-
TpouckpoBoe jerupoBanue (DUJI), koTopoe 1mo3BoJisi-
€T MOJy4YaTh MOKPBITUSI OOJBIION TOMIIMHBI (ISCATKHU
MUKPOMETPOB) C BRICOKOM aAre3MOHHOM MIPOIHOCTHIO
MPaKTUYECKHU U3 JTIOOBIX 3JIEKTPONPOBOASIINX MaTe-
puanosB [1—5]. MeTon ocHOBaH Ha SIBICHUU BJIEKTPU-
YeCKOM 9p03WH MaTeprajIoB IIpU KCKPOBOM pas3psiie 1
MMPEeMMYIIeCTBEHHOTO TIepeHOCa MPOAYKTOB 3PO3UU C
9JICKTpOAa Ha TOAJIO0XKY. B pesynbrare jg0oKajlbHOI'O
IIABJIEHU S M XMUMUYECKOTO B3aMOACHCTBU S paciljia-
Ba C MaTepuajioM 3JIeKTPo/a, a TaKkKe Mocyieaytoniei
ObICTpOM 3aKalKu, oOpa3yeTcs CJoil ¢ 3aJaHHBIMU
CcOCTaBOM W CTpyKTypoii. IlociemoBaTenbHOE MHO-
roKpaTHoe CKaHMpPOBaHWE TOBEPXHOCTU W3NS
BpallalolMMCs WM BUOPUPYIOIIUM 3JIEKTPOAOM MO-
3BOJISICT C(POPMHUPOBATH HOKPHITHE C IIABHBIM IpaIy-
€HTOM COCTaBa OT MaTepuaJa MoAJ0XKHN K MaTepruaty
anekTponaa. K Hegocratkam TexHosoruu DUJI MoxkHO
OTHECTH MOBBIIIEHHYIO IIePOXOBAaTOCTH ITOBEPXHOCTH
u aebektHocTh DUJI-cnos [6, 7]. DUJI-okpbITHS
C YJAyYIIEHHBIMUA XapaKTepPUCTHUKaMM MOTYT OBITh
MOJIYYEHBI NIpPU IPOBEICHUU OOpPaOOTKM B BaKyyMe
[8—10]. B aTOoM ciiyyae mpoUCXOAUT MOoAaBAEHUE MPO-
1IECCOB OKMCJICHMSI, TTOBBIIIAETCS OAHOPOAHOCTh IO-
KPBITUI U CHUXaeTcsa Ie(eKTHOCTh C(hOpMUPOBAH-
HOTO CJIO0S1.

BosmoxnHocTtu texHosoruun DUJI B Bakyyme Ans
CO3JaHMSI MHOTOCJIOMHBIX MOKPBITUH C YIYYIICHHBIM
KOMILJIEKCOM MEXaHUYEeCKUX U TPUOOJOTUUECKMX Xa-
PaKTEepPUCTUK CYIIECTBEHHO pacIIUpPSIOTCS IIpU ee
00BEIMHEHNH C TEXHOJIOTHEH UMITYJIBCHOTO TYTOBOT'O
ucnapenus (MAN) [11, 12]. I1pu npoBeneHnu npolec-
ca HaHeCeHU s MOKPHITUI B BakKyyMe nepexon ot DUJI
K NI moxeT ObITH 0OecrneyeH Ha OJHOM BJIEKTPOJIL
3a cueT cHuxXxeHus gasiaeHus o 0,05—1,00 ITa. Cka-
HUpPOBaHUE MOBEPXHOCTU IMPHU HEOOJBIIOM PACCTOSI-
HUU OT JIEKTPOoAa JO MOMJIOKKHU JaeT BO3MOXHOCTh

HAHOCHUTb TOKPBITUS C OOJIbIIEH CKOPOCThIO Ha JIO-
KaJbHBIC YYACTKH M3Aeaust. OTHOCUTEIBHO 0OIbIIas
TOJILIMHA TIOKPBITUM, TOJYyYaeMbIX IO TEXHOJOTUU
OUIT + UN, aBasieTcs IpUHUMINATBHBIM IPEUMY-
IIeCTBOM KOMOMHMPOBAHHOM TEXHOJOTUH U TTO3BOJISI-
€T 3aMOJHUTh Ty HUIIY IPUMEHEH U, TIe HEA0CTAaTOU-
HO TOJIIIMHBI KJACCUYECKMX BaKYYMHBIX TTOKPBITUA.
DU JI-moncioii mpeqHa3HAaYCH, B IEPBYIO OYePedb, IJIS
obecrnieueHUus UaeaabHOU aare3uu (3a CYeT JIOKaJabHO-
ro TIaBJeHUs) U OOJbIION TOJIIMHBI MOKPHITUS (IO
100 mxMm). B To ke Bpemst DU JI-cioit comepKUT 3HAUM -
TEJbHYIO JOJII0 2JIEMEHTOB MOAJI0XKH, YTO OTPaHUYU-
BaeT BO3MOXHOCTHU BapbMPOBaHUS COCTaBa U CBOMCTB
HOKPHITUS. BepXHuii C10i1, TOTyYeHHBIH 10 TEXHOJI0-
ruu MW, TonmuHoit 1o 10 MKM, onpenensieT 6osee
BBICOKHE€ MEXaHUYECKME XapaKTePUCTUKU 3a CYET OT-
CYTCTBHS B COCTaBe 3JIEMEHTOB ITOIJIOXXKH 1 BO3MOX-
HOCTH BKJIIOYEHU S B COCTaB MOKPBITUS 3JIEMEHTOB pe-
aKIIMOHHBIX Ta30B — a30Ta U yIjiepoa.

®opmupoBanne DUJI-momcimos MOXET TaKXkKe
YAYYIIUTh aAre3UOHHYI0 MPOYHOCTD MOKPBITUM, MO-
JIydaeMbIX METOAOM MAarHeTPOHHOIO pacIblLICHUS
(MP). H3BecTtHO, YTO MP-TIOKPHITHS 94acTO MMEIOT
HM3KYI0 aITe3MOHHYIO TPOYHOCTh, MPUYEM TTOBBILIE-
HU€ TOJIIMHBI MTOKPHITUS, KaK IPaBUJIO, IPUBOAUT K
€€ CHMXCHHIO BCJICICTBHE BO3pACTaHMS YPOBHS Ha-
npsixkenuii [13, 14].

Lenbio naHHOM pabOTHI SIBIISAIACH allpOOAaLIMsI TU-
opuaHbix TexHoyoruit DUIT—UIN u SUT—MP nnga
MOJYYEHUsI TBEPAbIX U3HOCOCTOMKUX TMOKPHITUI Ha
Pa3JIMYHBIX TOIJIOXKAX.

B kagectBe IIepBOTO IIpUMepa WCIIOJIb30BAHMS
texHojioruu SUJI—HMAN paccmarpuBaeTcsl cucteMa
WC—Co-nokpbitue/Ti-mognmoxka. Oxugaercs, 4To
ocaxaeHre moKpeITusI WC—Co IT03BOJIUT TTOBBICUTH
M3HOCOCTOMKOCTb TMTAHOBBIX CIIJIABOB, MMEIOIIUX
CKJIOHHOCTbh K 3aaMpaM IIpU TPEHUHU TOI Harpy3Kou
[15]. BaxHoli 0COOEHHOCTBIO TIpoliecca JIETUPOBAHU ST
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TUTaHa 3JeKTpoaoM Ha ocHoBe WC gBisieTcsl mpo-
TeKaHUE€ MUKPOMETAJUIyPrU4eCKMX ITPOIIECCOB XU-
MUUYECKOTO B3aMMOMNEICTBUSI KapObuaa Boiabdhpama c
TUTaHoOM. BonbdpaM npu 3TOM JerupyeT TUTaH, CTa-
ounusupys B-dasy, a yriepon pacxonyercs Ha oopa-
30BaHMe KapOuaa TUTaHA UJIU TBEPAOTO PacTBOpPA TH-
TaH-BOJIb()paMoBOro Kapouaa [16—18]. OTmeTuM, 4TO
4yacTo HabJaogaeMoe 00e3yriiepoxX iBaHKe B Ipoliecce
OUJI [19, 20] MOXeT ObITh KOMIIEHCUPOBAHO TyTEM
MPOBEAEHU S ITpollecca B 3TUJICHE.

MonuduunupoBaHue IOBEPXHOCTU TUTAHOBBIX
CIJIABOB MOXHO IIPOBOIUTH IIOCPEACTBOM IU(-
(by3MOHHOTrO HACHIIIEHUS IOBEPXHOCTU YTIJIEPOIOM
Mpu peanusaluu Mpoliecca B IMEPEXOAHOM MCKPO-
BOM-IYTOBOM IIpoliecce. M3BeCTHHI pa3in4YHBIE Me-
TOABI KapOUaAM3allMu U a30TUPOBAHUS TTOBEPXHOCTU
TUTAHOBBIX CILUIaBOB. Hampumep, akTuBUpOBaHHOE
ra3moii nuddy3nonHoe HackieHue [21] mo3BossieT
MOJYYUTh MOOU(PUIIMPOBAHHBIN CJION TOMIMMHON A0
100 MxMm. OgHaKo BBICOKME TeMIIepaTyphbl Hachlllle-
Hus (mo 800 °C) orpaHMYMBaIOT OOJACTH NMPUMEHE-
HUSI TaHHOW TeXHOJOruu. YacTo TEXHOJOTrMYECKUM
orpaHnundeHueM kjaccudyeckux CVD-mpoleccoB siB-
JISIETCS CIWIIKOM BBICOKAsl KOHIICHTpaIlMs IMoJaBae-
MBIX K TTOBEPXHOCTH 3JIEMEHTOB, KOTOPasl HAIIPSIMYIO
CBsI3aHA ¢ paboYMM JaBJICHUEM B BAKYYMHOI KaMepe.
Hampumep, monbITKa a30THPOBAHUS TUTAaHA B TJICIO-
mem paspsiae npu gaBiaeHuun 10 I1a mpuBoauT K 6J10-
K1poBaHUIO 1UdPy3un azoTa 00pa3yoIIuMCs CIoeM
HUTpPUIA TUTaHA, a IONBITKA CHU3UTh TaBJICHUE TaCUT
Thetomuit paspsa. Ilpeanaraemoe Mcmnoib3oBaHUE B
pa3pabaTbiBaeMoOli TEXHOJIOTUM (BTOPOI MpUMep pac-
CMOTpPEHUS) CHaJaJla MCKPOBOTO, a 3aTeM OyTOBOTO
paspsaaa npu gasiaeHuu 0,1—1,0 ITa obecneyut HeoO-
XOIMMOE€ YMEHbIIIEHE KOHIIEHTPAIlUM HaCHIIIAOIIIe-
ro KOMIIOHEHTa IIpWM OTHOBPEMEHHOM YBEIWYCHHU
IJIOTHOCTH T1JIa3MBl.

OTMETUM OCHOBHBIE MPEUMYIIECTBA TEXHOJIOTUU
OUJI B Bakyy™me Tipu peain3aiiui KOMOMHUPOBAHHOMN
HUCKPOBOM-AYyroBoil 00paboTku. Bo-mepBbIX, Hachl-
IIeHWe TUTaHAa CTAHOBUTCS BO3MOXHBIM HE TOJBKO
nyTteMm TBepaodasHoi 1udpdy3uu yepe3 MoBEepXHOCTb,
KOHTaKTUPYIOIILYIO C yIiepoacoaepxXamleid mia3mMoi,
HO U NyTeM OOBbEMHOM peakLuu B3auMOIEHCTBUS
paciiaBa TUTaHa C MEXaHMYECKH IepeHEeCCHHBIMU
yacTUlaMu rpacuTOBOTO 3jieKTpoaa. Bo BTophIX, Tpu
nmaBneHuu ot 0,1 mo 10 ITa MoxeT ObITH peaan3oBaH
CMEIIaHHBI MCKPOBON-AYyroBOW PEXUM TNEpeHoca,
MPU KOTOPOM TEePBUYHBIN UCKPOBOI MPOOOI MPUBO-
IUT K (DOPMUPOBAHMIO TYTOBOro paspsiga. UMmynbc-
HBIA TYTOBOM pa3psi 00eCIieunBaeT BHICOKYIO ILIOT-

HOCTb IIJIa3Mbl HE TOJbKO B HEOOJBIIOI HMCKPOBOIA
JIYHKE, HO ¥ Ha 3HAYMTEJIbHO OOJIBIIEH IJI0OIIaan 0~
psimka 1 cm?. TIpu KaTOTHOI MOISIPHOCTH JIEKTPOIA
pacrblieHUe TpaUTOBOrO 3JIeKTpoia B AYTroBoii haze
Ipoiiecca Mo3BOJUT C(hopMHUPOBATh Ha TTOBEPXHOCTHU
DUJI-TIOKpHITHS CJIOM HAa OCHOBE yTJIepoa.

B kayecTtBe TpeTbero mpumepa TMOPUIHON Tex-
HOJIOTMM PacCMOTPEHO IIOC/Ieq0BaTeIbHOE HaHece-
Hue MetomoM OUJI—MP OBYXCIOWHBIX ITOKPBITHIA
TiCNiAl Ha momnoxky u3 ctanu 40X. HaneceHue
nonaciost Metonom DOUJI mo3Bonut chopMupoBaTh
CTPYKTYPY, COCTOSIIYIO U3 TBEPIOTO pacTBOpa XpoMa
U HUKEJS B Xeje3e, YIPOYHEHHYI0 YyacTULlaMU Kap-
OuIa TUTaHa, YTO CYIIECTBEHHO ITOBBICUT H3HOCO-
CTOMKOCTH MaTepuaia. Bepxuuit MP-cioit Ha ocHOBe
KapOUAHBIX U WHTEpMETAJIMIHBIX (a3 obecneyuT
CHUXXEHUE TUIOTHOCTH Ae(EKTOB U MOBBIIICHUE TBEP-
JIIOCTU ¥ N3HOCOCTOMKOCTH ITOKPBITHUSI.

MeToauka akcnepMMeHTa

st HaHeCeHU ST TOKPBITHIA TI0 TUOPUITHOM TEXHO-
JIOTUU TIpUMEHJIach BaKyyMHasl yCTaHOBKA KOJImayd-
Horo tTuna YBH-2M, B KkaMepe KOTOpOil HaXOgUJICI
pabouuii MoayJib Ha 6a3e TPEXKOOPAMHATHOTO I'paBU-
poOBabHO-(PE3EPHOTO CTaHKaA, MPUCIIOCOOIEHHOTO
IUIST paOOTHl B BaKyyMe. BMecTo IIMMWHAEIS B CTAHOK
ObLT ycTaHOBJIeH y3ea BpaiueHusi DUJI-anektpona.
V3en cocTouT U3 2JIEKTPOMOTOpA, M30JIUPOBAHHO-
ro IMIeTOYHOI0 0JIOKA IMOJAaYM TOKA K BpaIllaroIIeMycs
BIIEKTPONY, HIepKaresst 3jeKTpona (puc. 1) m mmeer
BO3MOXHOCTb IepeMelleHus 1o ocsiM X, Y u Z ¢ pas-
JIMYHBIMY BapyaHTaMM U KOJIMYECTBOM I1arOB CKaHU-
pOBaHUS MOBEepXHOCTHU. Takke B KaMepe YCTaHOBIICH
y3en UJIW, ocHalleHHBI KaTOOOM M3 HAaHOCHMOTO
MaTepHaja, aHoIoM B popMe MeTaJJIMYeCKOro Korblia
1 DJIEKTPOIOM ITOIXMUTa. DHEPTHUS TYTroBOrO paspsiia
HaKaIlIMBaeTcs B 6aTapee KOHIEHCAaTOPOB €MKOCThIO
2000 Mx®, yacToTa IMOIXKUTAIOIIUX UMITYIbCOB CO-
craBiasiia 50 T'u. Ilpu UM Ha momioXKy IepBbie
2 MMH TI0aBajiOCh aHOAHOE HaIPSIXKEHUE MJIsT Harpe-
Ba 3a CYCT OTTATUBAHMS JICKTPOHOB IIJIa3MHbI, a 3aTeM
B Te4eHHMe 1| MMH — KaTOAHOE HAIIPSIKeHUE OIS MOH-
HOI ouncTKU. B ennHOI ycTaHOBKE OCYIIECTBISIJIOCH
ocaxXIeHue MOKPBITUI MeTomoM MP mipm pacmbiie-
HUU TJIaHApHOW MUILIEHU-KaToaa nuaMeTpom 120 Mmm
(puc. 1).

IMoxpeiTust WC—Co HaHOCHJINCH C TOMOIIBIO
3JIEKTPOA U3 TBepaoro cijiaBa BK6 Ha MoaIoxKy U3
tutaHa BT1-0. BUJI-ipouecc nmpoBoauscs B aproHe
npu gasienuu S5 Ila. 3atem UJIU-cnoii ocaxpgancs ¢
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Puc. 1. CxeMa HaHeCceHUS MOKPBITUI B TMHOPUIHOM ycTaHOBKE, coBMmemtaronieii y3iasl DUJI, U u MP

1 — 351eKTpOI M3 HAHOCHMOTO MaTepuaia; 2 — IIETOYHBIA y3ei; 3 — MOTOp; 4 — DIIEKTPOLI ITOIKUTA; 5 — aHOI; 6 — MOIUTOKKA-IETab

HCITOJIb30BaHUEM OTHCITBHOTO UCIIAPUTEIS C KaTOIOM
TOTO Xe COCTaBa IMPH MO3UITNOHNPOBAHUY TTOIJIOXKKHT
Mo HUM Ha paccTossHuu 3 cM. [laBneHue B Kamepe BO
BpeMms I -niponecca coctasiusio 0,5 ITa. B mpomnec-
ce OocaXICHUS MOKPHITHS C IeJbio (OpMUPOBAHUSI
(GYHKIMOHAJbHO-TPAAUEHTHBIX CJIOEB C Pa3JMYHbIM
comepXaHMeM YTIJIepoIa MeHJIach ra30Bast cpena ¢ Ar
Ha C,Hy. ITapameTphl ocaxXaeHUs MOKPLITUI MeTOa-
mu UJIN—DNJT u MP—3MWJI, a TakXe OMHOCTOMHBIX
nokpeitTuit DUJI, I u MP npencraBieHs B TaoI. 1.

O06paboTKa TUTaHa JEKTPOJOM U3 MaJOMOPUCTO-
ro rpadurta (MIIT) npoBonuaach Npu AaBJAEHUU 5—
7 Ila B cpene C,H,. HanpsixkeHue Mexny nmoBepxHO-
CTbIO U 3JIeKTpoaoM cocTanisijio 200 B, yTo mo3Bo-
JISIJIO peaJiu30BaTh CMEILIAHHBIA MCKPOBOU-IYTOBOM
pexum nepeHoca. /st Toro 4ToObl UICKPOBOM MpoOoit
obecreuynBas MOMKUAT TYTOBOTO pa3psaa, MOMICPXKMI-
BaJlacb MUHMMaJbHasl TUCTAHLIMS OT JIEKTPOoaa 10 MO~
BEPXHOCTH (PEKUM KaCaHUS 3JICKTPOIOM MHOIIOXKKHT).
B sTOM ciyvae o1 peaju3aliuy IyroBOro pexxuma He
TpeOOoBaIUCh BJEKTPOJ MOAXKUTIA U OTAEIbHBIN aHOM, U
00a CJI0s MOKPHBITHSI OBLITH C(hOPMHUPOBAHBI C UCITOIB30-
BaHUEM €IMHOTIO MOMYJISI BpallaroIlerocs 3JeKTpoa.
IIpu ocaxkaeHuM yrjepona Ha MOBEPXHOCTh B AyTOBOM
dasze mpoirecca 3IeKTPoa ABIICS KatogoM. Ha cTa-

JIUH TYTOBOTO OCAaXKICHMSI, KOTAA 3JIEKT PO BBITTOTHSII
pOJIb aHO/IA, OCYUIECTBISIMCh MOHHOE TpaBJIeHUE U
MJaa3MeHHas akTUuBauus 11 3ddekTuBHOro nuddy-
3MOHHOTO HACBIIICHUS ITOBEPXHOCTHU YIJIEPOIOM, HO
0e3 0caxXIeHU s YIJIEPOMTHOTO CJIOSI.

IMokpeiTusa cocraBa TiCNiAl ¢opmupoBanu Ha
momJIoXXKM 13 ctanu 40X, 3aKajJeHHOM OO TBEpHO-
ctu 55 HRC. Huxnuit DUJI-cioil HaHOCUIU B ap-
roHe Mpu atTMocthepHOM AaBJICHUU C NMPUMEHEHUEM
anekTpoaa coctaBa, Mac.%: 80TiC + 20Ni. Bepxuuii
MP-croii mony4yanu TyTeM pacIibIEHWS Karojaa
TiC—NiAl (Ti—16C—14Ni—6Al) B aprose rnpu gaBJje-
Huu 0,2 ITa. [ToBepXHOCTH OTHCIBHOI TPYIIITBEI 00pa3-
1I0B TocJyie HaHeceHUsT DN JI-TTOKPhITUS TTOJUPOBATU
1o wepoxoBaroctu R, = 0,1 MKM, a 3aTeM HaHOCUJHU
MP-niokpsiTHE.

MuUKpOCTPYKTYpPY MOKPHITUI UCCIIEAOBATIN C TIPU-
MEHEHMEM METOHOB PACTPOBOM BSJIEKTPOHHOM MUK-
pockonuu (POM) n sHeproaucrepCuoOHHON CIIEKTPO-
ckonuu (BC) Ha mpubope «S-3400N Hitachi» ¢ mpu-
ctaBkoii «Noran» (Thermo Scientific). Pentrenoga-
30BbIit aHanu3 (PMA) nmpoBoauIu ¢ UCTIONb30BAHUEM
nudpaktomerpa «D8 Advance» (Bruker) ¢ MoHOXpo-
martuuyeckuM CukK,-usnyyenueM. Pacnpenenenue
3JIEMEHTOB II0 TOJIIINHE MOKPHITUMA OMPEACISIn Me-
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Tabnuua 1. MapameTpbl HAHECEHUS MOKPbITUIA

DU
IToxpeiTre Hanpsckenue, e Yacrora, | JAnurenbHocTh, | JaBiaeHue, LISEminy- DHeprust
B UMITyJIbCa, Tix MKC Ma TEJIbHOCTb, e, T5
A MUH/CM? ?
WC—Co 20 150 300 80 5 5 0,05
TiC/C 200 ~300 100 35 5 5 1
TiCNiAl 20 120 640 20 10° 3 0,015
nan
ITokpeITHE | Tycranuws, Hanpsckenne, | Tox mmmyibca, Yacrora, Hanpsckenne DHeprust UMITYJIbCa,
MM B A Iix cMmeneHus, B JIx
WC—Co 30 110 ~250 50 —100 10
TiC/C - — — — - —
TiCNiAl - — — — — —
MP
[MoxpeiTHe
JucraHuus, MM Hanpscxenue, B Tok, A Yacrota, i1 Hanpscxenue cMmelienusi, B
WC—-Co - - - - -
TiC/C - - - - -
TiCNiAl 80 500 2 0 -250

TOIOM OIITHYECKONH 3MUCCUOHHON CITEKTPOCKOITNH
Tinewouero paspsaaa (OOCTP) Ha cnektpoMeTpe «Pro-
filer 2» (Horiba JY). JInsg oleHKM MeXaHMUYECKUX
CBOMCTB IIOKPHITUI TPUMEHSIIM HaHOTBEpIOMEp
(CSM Instruments). Tpubojiornueckue UCHbITAHUS
MOKPBITUM OCYIIECTBISAIM HAa aBTOMATU3UPOBAHHOM
MamnHe TpeHua (CSM Instruments) ¢ MCITOJIb30BaHM-
€M KOHTpTesa B BUAe apuka us Al,0;, WC—Co uiun
cranu 440C (anajor 95X18) nuameTpoM 6 MM IIpU JIU-
HeltHo ckopocTu 10 cMm/c. [Ipoduns mopoxkek n3HOCa
MU3MEPSUIU MIOCPEICTBOM OITUYECKOTO ITpoduaomMeTpa
«Wyko-1100NT» (Veeco). U3HOCOCTOIKOCTD B YCJIOBU-
SIX yIapHO-IMHAMMYECKOTO BO3ACHCTBUS MCCIIEIOBA-
JIM ¢ moMonIbio nMOakT-Tectepa «CemeCon», KOHTP-
TEJIOM CJYXWJI IIapuK JMaMeTpoM 5 MM M3 TBEPAOIro
crnaBa WC—Co, KOIM4eCcTBO IMKJIOB M Harpy3Ka co-
craisiin 10° 1 500 H cooTBeTCTBEHHO.

Pe3ynbrathl U UX 06CyXaeHune

MokpbiTns WC—Co Ha TMTaHOBOM NOANOXKe

MukpodoTorpadpuu nomnepeyHbx HUIUGHOB TO-
kpbITuii WC—Co Ha TUTAaHOBOI MOIJIOXKE, MOJTy4YeH-
HbI€ C ITOMOIIBID CKAHUPYIOIIEU 3JIEKTPOHHOM MU-
kpockonuu (COM), nmpeacTaBieHbl Ha puUc. 2. MoOXHO
UACHTU(GUIUPOBATh HECKOJBKO XapaKTEPHBIX CJO-
eB. Huxxnuit BUJI-cnoit TonmuHoit ~40 MKM cop-

MHUPOBaH B pe3yJibTaTe MHOTOKPATHBIX HaJIOXKCHUM
YYaCTKOB KPUCTAJIM3AIMY paciljlaBa TUTaHA B JIYH-
Kax 3JEeKTPOUCKPOBLIX TTpoboeB (puc. 2, a). B oobeme
DU JI-noKkpeITUS HAOIIOAAIOTCS PAaBHOMEPHO pacIipe-
JIeJIeHHble KapOMIHBIC BKJIIOUCHUS C XapaKTePHBIM
pa3mepom MeHee 1 MKM. ITo nanHbiM BJIC u OBCTP,
OCHOBHBIM 3yieMeHTOM OWJI-TIOKPHITHS SIBIISICTCS
tutaH (74 ar.%), Torma Kak coiepXaHHe BoJb(ppama
He npesbiaet 8 ar.%. Pesynbrarel POA mosBosuim
YCTaHOBHUTH (Da30BHIN COCTAB IMOKPHITU: a-1i (A3) —
7 00.%, B-Ti (A2) — 69 06.%, WC(,_,, (BI) — 24 006.%.
YuuteiBas, 4to coaepxkaHue yriaepoga B DUJI-cnoe
cocTaBiseT 15 ar.%, Bo3MOXHO 0OGpa30oBaHUE CJIOXK-
Horo TuTaHoBoJb(ppamoBoro kapouma (Ti,W)C [18].
Ha rpanuue pasgena DUJI- u UIN-cnoeB popmu-
pyeTcsl CJIOM ¢ HaHOpa3MepHOM CTPYKTYpoit (puc. 2, o),
TOJIIIIMHA KOToporo cocrtaiasieT ~30 HM, a pa3Mmep
KPUCTAJUIUTOB He MPEBBIIIAET 5 HM. DTOT MPOMEXY-
TOYHBIN CJI0¥1 00pa3yeTcs B IepBble MUHYTHI OcaxXIe-
Hus UJIM-cnos, korma HarpeB U MOHHasi odpaboTKa
MOBEPXHOCTU aKTUBUPYIOT AUPDY3MOHHBIE TIpoLiec-
cbl Ha ToBepxHOCcTH DUJI-cnosi. MoxXHO TpenItoo-
XKUTh, 9TO (POPMUPOBAHHME STOTO TOHKOro (hyHKIIH-
OHAJIbHO-TPAJAMEHTHOIO CJI0SI Ha TpaHUIlE pasiaesia
cioes DUJI u UJIU cnocoOCTBYET pOCTY IIPOYHOCTH
CIIETIJICHUS TIOKPBITHUSI C TIOIJIOKKOM.

Bepxnee UJIW-mokpbiTHE, TOJydeHHOE B pas3-
auuHbIx cpenax (Ar u C,Hy), coCTOUT U3 ABYX CJI0€EB
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Puc. 2. COM-mukpodororpaduu nomnepeyHbx nindos (a, 6) u nanHbie [IDM BbIcOKOro paspelieHus (8, 2)

nokpsiTuit WC—Co

DJIEMEHTHBII COCTaB OTIENBHBIX CJIOEB, onpenesieHHbI MeTonamMmu ODCTP u B/1C, moka3aH Ha aHe U (6) B Buae (hOPMYIIbI

(puc. 2, 6), OTIMYAIOIIMXCST COMEPKAHUEM YTIIepOa.
IIpy oODWMHAKOBOM BpPEMEHM OCaXXKICHWS TOJIIMHA
BEPXHEro CJ0sl oKa3ajach MEHbIlIe, YTO CBUIETEJIb-
CTByeT O MeEHbBIIe CKOopocTu pacmblieHuss WC—
Co-aJ1eKTposia B 3TUJIEHE TI0 CPaBHEHUIO C apTOHOM.
Ilocnoiinplii aaeMeHTHBHIN aHanu3 WJIW-cnos Mme-
TomoM ODCTP nmoxkaszan mpUCyTCTBHE OOJBIIOTO KO-
JIMYeCTBa yriepoja (COCTaB CJOSI MOXHO BBIPa3vTh
dopmynoit WigCs9Coz). PODC-ananus, nposeneH-
HBII IOCJIe TpaBJICHUS KJlacTepaMU aproHa B TCUCHHUE
30 MUH, TakXe MOATBEPAMUJ BBICOKOE COMEpXKaHUeE
yriaepoaa. CoctaB M1 -cnost, mo f7aHHBIM pEHTT€HOB-
CcKoli (OTO3eKTpoHHOI cnekTpockonmuu (PDOC),
MOXHO YCJOBHO BbIpazuTh (opmynoit Wi CgcCos.
Pasznoxenne POOC-nuka yriepoga Ha COCTaBJISIO-
11¥e Sp” 1 Sp° TI03BOJIHJIO OLIEHUTH JOJTIO SP>-CBsI3eil Ha
yposBHe 25 %.

IMo manueiM P®DA, cTtpykrypa UM-cios saBisi-
eTcsl peHTreHoaMopGHOM, XOTS Ha (POoHE IIMPOKUX
MaKCHUMYMOB HaOJIIOHaINCh MUKW HU3KOM MHTECHCUB-
HOCTH, COOTBETCTBYIOIIHE KYOMYECKOMY HECTEeXMO-
METPUYECKOMY KapOumy WC(I,X). Ha nonyuyenHom

IOCPEACTBOM IIPOCBEUMBAIONICH 3JIEKTPOHHON MMU-
kpockonuu (ITOM) m300paxxeHUU BBICOKOTO paspe-
IIEHUs MOXHO BBIACJUTH OTAEJbHbIE KPUCTAJIUTHI
pa3smepoM He 6osee 3 HM (puc. 2, 8). OTMeTHUM, 4TO
0 ¢opmupoBanumn kapouna WC,_,) ¢ HaHOKpUCTaI-
JINYECKON Uan aMop(HOI CTPYKTYpOii NpU AYTOBOM
pacmeiieHnn anekTpona WC coobimianoch paHee [22].

Pe3ynbrarsl uccaenoBaHWs TBEPAOCTU M U3HOCO-
CTOMKOCTU MHOTOCJIOMHOIO MNOKPBITUS IPUBEICHbI
Ha puc. 3. HabmromaeTcsl MOCTEIIEHHOE yBEJIMUYCHUE
tBepaoctu oT 3 I'lla (mognoxka Ti) mo 20 I'Tla (Bepx-
Huit UJIM-cnoii), coOTBEeTCTBYIOLIEE IMOBBILICHUIO
00BEMHOI ToJMM KapOMmTHOW (pa3bl U CHUKECHUIO I0-
JIM CBOOOJHOTO TMTaHa. MakcuMalibHasi TBEPAOCTh
BOUJI-cnos coctaBasieT 13 I'Tla. TBepaocts U -crost
W3MEpPSIach CBEPXY U ITOPTOMY SIBJISICTCS YCPETHEH-
Hoit misg oboux MIAU-cnoeB. OTMETUM JOCTATOYHO
MJaBHOE€ M3MEHEHHUE MOIYJs YIPYToCTU IpU Mepe-
XOle MEXOY CJIOSIMU TIOKPBITHS, YTO OOecIeunBacT
YMEeHbIIICHNE BHYTPEHHUX HAaIPSKEHUH.

PesynbraThl TpUOOJOTrMYECKUX MCOBITAHUN MPU-
BedeHBI Ha puc. 3, 6. OgHocnoitHoe DUJI-TIoKphITHE
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Puc. 3. Tsepnocts (H), Monyib ynpyrocti (E) (a) u koaddunueHt Tpenus (K,) (6) nokpeituit WC—Co

nokasajo Ko3dduuuneHt tpenusa K, > 0,8. [Toatomy,
HECMOTpPSI Ha OOJIBIIYIO TOJIIWHY U OTHOCHUTEIHHO
BBICOKYIO TBEPIOCTh, OKPHITHE OBICTPO M3HAIIMBAa-
JIOCh. DTO BO MHOT'OM CBSI3aHO C BBICOKOI 0OBEMHOI
noneit TutaHa B coctraBe DUJI-cnoga. U N-nokpreiTue
MPOLEMOHCTPUPOBAIO HU3KUM K, OZHAKO NOJHO-
CTBIO U3HOCMJIOCH Ha nuctaHnu 900 M (cM. puc. 3, 6).
B 10 xe Bpems komOunHamusg DUJI- u UAUN-cnoes
MO3BOJIMJIA HE TOJIBKO AOMOJHUTEJIbHO CHU3UTh KO-
2 OUIMEHT TPEHUS IMTOKPBITUS U YBEIUIUTD €TO T0JI-
TOBEYHOCTb, HO M BIBOE TOBBICUTH HArpy3Ky Ha KOHTP-
TeJOo, MPU KOTOPOM IMOJHOIO M3HOCA TMOKPBITUS HE
HabI01aI0Ch Ha fucTaHIMM 1 KM. CKOpOCTh M3HOCA
MOKpBITHsI cocTaBma 1,410~/ MM3/(H-M), YTO SABJISIET-
Cs1 TOCTaTOYHO HU3KMM 3HAUCHUEM JJ151 OOJIbIIMHCTBA
TBEPIBIX IOKPBITUIA.

Takum 06pa3oM, MpUMEHEHEe KOMOMHUPOBAHHOM
DN+ I -TeXxHOIOTr U TTO3BOJIUIIO OJHOBPEMEHHO
peaan30BaTh HECKOJBKO CIIOCOOOB YIPOYHEHUS TIO-
BEPXHOCTU TUTAHOBOTO CILJIaBa:

a) DU JI-nerupoBaHue cjos Ci-TUTaHA BOJb(PpaMoM
1 KOGaJIbTOM co cTabuiusanueii B-dassr;

0) nucnepcuoHHoe yrmpouHeHue DUJI-cios 3a cuet
MPUCYTCTBUS TEPBUYHBLIX KapOWUAOB Boabdpama U3
3JIEKTPOA, HEe YCIIEBIINX IIPOPEearupoBaTh C TATAHOM,
a Tak>ke BBIJIEJICHUST U3 paclljlaBa BTOPUIHBIX KapOu-
JIOB TUTaHa U BOJb(hpama;

B) 3aKaJjIKa 1 ObICTpasi KpucTtaummsanus SNJI-cros;

r) 00pa3oBaHNEe HAHOCTPYKTYPHOTO MOrPaHUYHO-
ro ciost SUJI/U AN B pesyabrare peakK IMOHHON aud-
Gy3un 1 XUMUIECKOTO B3aMMOICHCTBHS C DJIEMEHTa-
mu IV -noKpbITUS;

n) dopMupoBaHue GyHKIMOHAIbHO-I'PaIUEHTHO-
ro MAM-nokpeITHS ¢ BEpXHUM CJI0EM C BBICOKMM CO-

JepxXaHUeM yriiepoaa, obecrnedmBaoIuM HU3KU I KO-
9D OUIIUEHT TPEHUS.

MokpbiTus TiC/C Ha TUTAHOBOW NOAJOXKE

Ilepexon OT WCKpPOBOTrO paspsija, peaau3yeMo-
ro Mpu HU3KUX HAIPSXKEHUSIX, K JYTOBOMY pa3psay
B BaKyyMe NpU MOBBIIIeHNN HanpsikeHus mo 200 B
MTO3BOJIWJI TIOJIYYUTH NBYXCIOWHBIE TTOKpBITUS TiC/C.
I'maBHOE OT/IMUME TEXHOJIOTMHU CO3JaHMSI 3TOTO TH-
IMa TTOKPEITUHA COCTOUT B TOM, 4TO Iipoueccel DUJI u
NN ocylecTBASIOTCS BO BpeMEHU He IocjenoBa-
TEeJbHO, a MapasuiesibHo. YacTh MomaBaeMbIX 3JIeK-
TPUUYECKUX MMIYJIHLCOB MOXET OBITh pealn3oBaHa B
HWCKPOBOM Mpo0oe, a YacTh — MPU AYTOBOM pacIiblje-
HMU TOTO Xe anekTpona. Pexxum DUJI obecnieunBaeT-
cs TIpM KOHTAKTe 3JICKTPOIA ¢ IIOBEPXHOCTHIO, a IIPH
MOSIBJICHUU 3a30pa MEXAY JEKTPOAOM U MOIJIOXKKON
HaOiogaeTcss AyroBoit pa3psa. B atom ciydae mep-
BUYHBIM UCKPOBOI MPOOOH SIBISIETCSI NHUIIMATOPOM
JYTOBOTO pas3psija, a KOHTaKTHOrO MepeHoca mare-
puaJia B 93pO3MOHHOM JIYHKE He mporcXoauT. COOTHO-
IIeHNe UMITYJIbCOB B ICKPOBOM M IYTOBOM ITpOIIeccax
3aBUCUT OT TaKUX TEXHOJOTUYECKUX IMapaMeTpoB,
KaK HampsikeHHe, CKOPOCTb CKaHMPOBAaHUS U Ya-
CTOTa BpallleHUS JIEKTPOoaa, Harpy3ka Ha 2JIeKTPO.
C y4eToM TOro, 4To HajJ KaXJIbIM y4acTKOM oOpada-
ThIBAEMOII TTOBEPXHOCTU 3JIEKTPOI MPOXOAUT HE Me-
Hee 10 pa3, B 3p03nMOHHBIE IYHKY MOMNAIaeT MaTepuall,
paHee cPOPMUPOBAHHBIN HA TIOBEPXHOCTU MPU TYro-
BOM IIpoliecce.

Crpykrypa DUJI-MOKPBITUST Ha TUTAHOBOM IIOI-
JIOXKKE, TMOJYYEeHHOTO TIpU AHOMHOW TMOJSIPHOCTHU
rpacuTOBOro 3JeKTpojaa, IMpeacTaBjieHa Ha puc. 4, a.
BugHo, 4TO 06pa3oBaiochk IBYXCIOHOE ITIOKPEITHUE, B
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KOTOPOM HMXXHUU CJIOM COCTOUT U3 CMECHU 3€pPEH TH-
TaHa ¢ IEHIPUTHON CTPYKTYpoOii, cchopMUpOBaBIIIEH-
csl B pe3yJbraTe KpUCTaaJu3alluMu JIOKaJbHBIX 30H
MJaBJIEHUS MOCJIe UCKPOBBIX MPOOOEB, U MEJIKOIMC-
MepCHBIX KapouaoB TutaHa. O6pa3zoBaHue KapOUI0B
pa3MepoM mopsimka 1 MKM 00yCITOBJIEHO XMMUIECKOM
peakiMell TUTaHa ¢ MomnaaaloliuM B pacijiaB yriaepo-
IoM U3 3yiekTpona. Hauboiiee mHTepecHOM SIBIsSIETCS
CTPYKTYpa BEPXHETO CJIOSI MOKPHITHS, KOTOpas IOY-
TU LIEJIUKOM COCTOMT U3 3epeH Kapouga TutaHa. O0-
pa3oBaHMe KapOuga TUTaHA CBSI3aHO C PEaKIIMOHHOM
nuddysueil yriepona, aKTUBUPOBAHHOW TIJIa3MOM,
B PACIIOJIOKEHHbIE HUXXE CJIOM TOKpPBITUS. JlocTaB-
Ka yIiepoaa OCylEeCTBISETCS MyTeM MCKPOBOIro Ie-
peHoca ¢ 3JIeKTpoIa B IMpollecce TYyTOBOTO pa3psaa B
aTujieHe. JlyroBoii pa3psa Mpyu aHOAHOU MOJSIPHOCTHU
3JIEKTPOMA PACIIbLISCT MOBEPXHOCTD IMOAJIOXKH, ITPH-
BOIS K ee akTuBanu. [1oCKOIBKY CKOPOCTH JYTOBOTO
pacnblIeHU s CYLIeCTBEHHO HUXE CKOPOCTHU UCKPOBO-
ro IepeHoca, TO IIPOUCXOAUT ITOCTENIEHHBIN POCT Kap-
OMIIHOTO CJIOS.

IIpu BUJI, xoraa a1eKTpoa SBJSIICA KaTOA0M, IO~
JIydeHHBIC pe3yJIbTaThl OTIMYAIUCH OT IPEeACTaBIICH-

HBIX BbllIe. B 3TOM ciyyae mocjie MCKpOBOro mpooos
IOl TOPIIOM 2JIEKTPOIa Ha ero 00KOBOI ITOBEPXHOCTH
dopMuUpyeTCcs KaTOTHOE MSTHO W MPOUCXOIUT AYTO-
BOI pa3psil, a KATOJHOE MSTHO MepeMellaeTcsl BBepX
o aekTpony. JarnHa Tpeka KaTogHOro nsiTHa Ha 00-
KOBOM MOBEPXHOCTU BJICKTPOIA IIPH IIUTEIBHOCTH
35 Mkc He mpeBbllaeT 3 MM. UMeHHO BO BpeMms Ay-
roBoii ha3pl Mpoliecca Ha IMOBEPXHOCTH IOMIOXKH
MePEHOCUTCS 3HAUWTEIbHAS IOJS yriiepoga. DTOT
yIJIepoJ ycreBaeT chopMUpPOBaTh BEPXHUU CI0# TO-
KpPBITUS, OTCYTCTBYIomUi ipu DUJI-00paboTKe TTpu
aTMochepHOM JaBJICHUU MM OOpaTHOM ITOJSIPHOCTH
paspsna B Bakyyme. Ha monepeuyHoM miinde mokphbi-
TUST HAOJIOMAIOTCS HECKOJBKO XapaKTEePHBIX CTPYK-
TYPHBIX 30H pa3au4yHoOro cocrtasa (puc. 4, 6—e). Oc-
HOBHBIM OTJIMYMEM OT MOKPBITUS, MOJYUYEHHOrO IIpU
AHOOHOM TIOJSIPHOCTH, SBJISIETCS TO, YTO BEPXHUM
CIIO COCTOUT M3 YIJIeponda, OCaXKICHHOIO W3 TLIa3-
MBI 1yroBoro paspsjia (puc. 4, 6, ¢). O01L1as TOJIIMHA
IaHHOTO cjios cocTaBasgeT 10—15 MKM, a TOJIIMHA OT-
JIIEIbHBIX COCTABIISTIONINX €T0 MOACIOEB, 0CaXKICHHBIX
B IIpollecce eMMHMYHBIX pPa3psiioB, HE IPEBBILIAET
200 uM (puc. 4, ). TakKe B 3TOM CJI0€ ITPUCYTCTBYIOT

Puc. 4. Crpykrypa nokpsituii TiC/C, ocax1eHHBIX Ha TUTaHOBBI crutaB BT1-0, nmpu aHoaHOI (@) 1 KaTOmHOIA (6, 8, 2)

MOJISIPHOCTHU T'PpacUTOBOTO JIEKTPOAA
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MeJIKMe YaCTMYKM KapOuaa TUTaHa ¢ XapaKTEepHBIM
pasmepom 10—100 um. MUx ¢popmMupoBaHue cBsSI3aHO
C IOYTOBBIM pacHbUICHHWEM THTaHa, ITOMaJalomiero
Ha rpaduToBbIit aaekTpon npu OUJI, u mpoTekaHU-
€M XMMHYECKOTIO0 B3aMMOIEHCTBUS THUTaHa C yIJe-
pOIOM.

Ilon yrneponHbIM ciioeM pacrnosiokeHo DUJI-mo-
KpBITHE, CTPYKTYpa KOTOPOrO COCTOMT U3 pa3jny-
HBIX 30H. [1epBBIil TUIT CTPYKTYPHI (puc. 4, 6, 30Ha [)
MpencTaBisieT co00il cMech MUKPOHHBIX 3€peH Kap-
O6ujga TUTaHa U U30BITOYHOrO TUTaHa. Kapoua tutaHa
obpa3yeTcs B pe3yJbTaTe MPOTEKAHUSI 3K30TepMUIEC-
CKOI1 peakIIMy MeXIy TUTAHOM U YIJIEPOIOM, TIepeHe-
CEHHBIM C 3JIEKTPOJa B paciljiaB 3pO3MOHHOI JTYHKU
BO BpeMsI ICKPOBOTO ITpo0ost. BTopoit Tum cTpyKTyphI
MpencTaBjieH 001acTAMM, COACPKAIIUMU TOMUMO TH-
TaHa U 3€peH KapOuaa TUTaHa U3OBITOYHBIN yIIepon
(puc. 4, 6, 3oHa II; 4, 2). [lnacTuHuaTtas ¢popma yrie-
POIHBIX BKJIFOUEHU CXOIHA CO CJIOMCTOM CTPYKTYPOI
BEPXHET0 YIJIEPOIHOIO CJIOSI, YTO CBUIETEILCTBYET
0 TIoMmaJaHuu (parMEeHTOB YTJICPOMTHOIO CJIOSI B pac-
TUIaB 3PO3UOHHOM JIYHKHU IPU OYEPEITHOM MCKPOBOM
mpo6oe. B mob3y 3TOro npearoaoXeHus: CBUIETEIb-
CTBYeT OTCYTCTBUE YIVIEPOIHBIX BKIIOUEHUI B COCTa-
B€ TTOKPBITHU S, TIOJTYYEHHOTO ITPpY 00paTHOM MOJISIPHO-
CTH, KOT1a BEpXHUM YIJIEPOIHBINA CJIOM OTCYTCTBOBAJ.
Tpersst cTpykTypHasi cocraBisiomas (puc. 4, 6, 30-
Ha [I]) npencTtaBjieHa 3epHaMU KapOuaa TUTaHa pa3-
MepoM Oosiee 5 MKM, IIPUMBIKAIOIIUMU K 00JacTU C
M30BITOYHBIM YIJIEPOIOM. B oT/IMYMe OT BTOPOTO CIIOSI,
B TpeTbell 30HE M3O0BITOYHBIN YTJIEPO IOJTHOCTBIO
IIpopearupoBas c TUTAHOM C 00pa3oBaHUEM KapOuI0B
TUTaHA Pa3JIMYHON CTEXNOMETPUH.

PesynbraTel TpHOOJOrMYECKUX HMCIBITAHUMN I10-
kpoiTuii TiC/C, B cpaBHeHuU ¢ Ti-MoaJI0KKOM, IpU-
BeleHBI Ha puc. 5. Hanmmuune BepxHETo yriaepoaHOTO
cliosg obecneyrBaeT MUHUMAJbHBIA KO3(hGUIIUEHT
TpeHwus, He TipeBbimaomuii 0,2. bonee Beicokue 3Ha-
yeHUs K, 10 CPaBHEHMUIO C YIIEPOIHBIMU MOKPBITUS-
mu (DLC) [23] MOXHO OOBSICHUTH HAJIUUMEM KapOu-
Jla TUTaHa, a TaKXe MOBBIIIEHHON IIIEPOXOBATOCTHIO
MoKpbITUS. OTCYyTCTBUE YTJAEPOAHOIO CIOSI Ha IO-
BEPXHOCTU TOKPBITHS, TIOTYYEHHOTO IMPU aHOIHOMN
MOJISPHOCTU 3JIEKTPOJa, MPUBOAUT K YBEJIMUYEHUIO
K. 10 0,3. Metogom ontuveckoir npoduaioMeTpuu He
yajg0Ch TOYHO U3MEPUTH TIIYOMHY TOPOXKEK M3HOCA,
MTOCKOJIBKY LIEPOXOBATOCTb MOKPBITUSA (R, = 3 MKM)
oKa3zaJiach BBIIIE TIIYyOMHBI M3HOca (<1 MKM). s
CpaBHEHM S, I1yOrHA TOPOXKU u3Hoca TutaHa BT1-0
npu npodere 150 M cocraBuia 70 MKM, a IIMpUHA —
1,2 MM.

0,61 Ti
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/’__"__‘_~,...u-gmﬂ.ﬂﬂﬂ‘*ﬁ“‘“”""”"”

024 e

400 600 800
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200 1000

Puc. 5. KosdpdpunneHT TpeHNU S TUTAHOBOU MOMJI0XKHT
Y TIOKPBITU A, TOJIYyYeHHBIX TTpU aHOoaHOM (1)

1 KaTOAHOM (2) MOASIPHOCTH 3JIeKTpoja

(xoutpreno WC—Co, Harpy3ka SH)

I[TonyyeHHBIE pe3yJAbTAaThl CBUICTEIBCTBYIOT O
ToM, 4To oba tumna nokpeiTuii TiC/C mpencraBis-
IOT IIPaKTUUYECKHUI MHTepeC B 3aavyaxX YIIPOIYHECHUSI
MMOBEPXHOCTH THUTAHOBBIX CIJIaBOB. I[IOKpBITHE C
BEPXHUM YTJEPOIHBIM CJI0€M M CBOOOIHBIM YTJIe-
poooM B 00BbeMe MMeeT JYUYIIHhe TPUOOJIOTHUEeCKUE
XapaKTepUCTUKHU ITIPU KOMHATHO# TeMItepatype. [1o-
KPBITHE C BEDXHUM KapOUIHBIM CJI0EM, MOJIYy4eHHOE
IpH aHOTHOM MOJSIPHOCTH 3JICKTPOIa, MOXET Haii-
TH IpUMEHEeHMe, HaIIpUMep, B COYCTAHUU C XKHUIKOMN
CMa3KOM, yIepXHUBA€MOUN B IOpax U MUKPOTpPEIIU-
HaX ITOKPHITH .

MokpbiTust Ti—C—Ni—Al Ha cTanbHOI NOANOXKe

[lepcrieKTUBHON  pa3HOBUAHOCTHIO THOPUIHOMN
TEXHOJIOTUM SIBJIsIETCS codyeTaHue MeTomnoB DUIJI u
MP. OcHoOBHBIE npeuMyllecTBa TOHKUX MP-nokpbi-
THUA MOTYT HUBEJIMPOBATHCS BBICOKOH IIEPOXOBATO-
cteio ODUJI-moacios, 4YTO MPUBOAUT K YXYIIICHUIO
TPUOOJIOTMYECKUX XapaKTEPUCTUK Map TPEHUs. DTOT
HEIOCTaTOK MOXET OBITh YCTPaHEH ITyTeM MUIN(OBKU
IIPOMEXKYTOYHOTO 3JIEKTPOMCKPOBOTO CJIOS TIepes Ha-
HeceHueM MP-miokpbiTHS.

CrpykTtypa nByxcinoitnHoro MP—3OWJI-nokpeiTHS,
MOJIYYEHHOTO C UCIIOJb30BaHUEM 3eKTpoaoB TiC—
Ni (®1JT) u TiC—NiAl (MP), npuBenena Ha puc. 6, a.
Ha CBM-u3o6paxeHn IONEepeuHOro ceuyeHus: 00-
pasma MOXHO Habomars ABa ciiosg. HecMotpst Ha To,
yto DUJI-noncnoit uMeeT BHICOKYIO CIJIOIIHOCTD, TEM
He MEHee B HEM OTMEYAIOTCS MUKPOIIOPHI pa3MepoM
0,3—0,5 mxm. ITo garaEIM P@A, DU JI-TI0ACH0# TOI-
mwuHoi 10 MkM coctouT u3 Tpex ¢as: OLK Fe, 'K
FeNi u I'lIK TiC,. ITockoneky B npouecce SUJI B 30-
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Puc. 6. COM-mukpodororpadus rnomnepedHoro nuimgda apyxcioitHoro MP—3OWJI-nokpsiTus (a)
C yKazaHUeM COCTaBoB Mojcoes (1o faHHbiM BIC) 1 3aBUCUMOCTb KO3bbUIIMeHTa TPEHU ST TOKPBITUS

OT IMCTaHIIUU (6)

HE JIOKAJIbHOTO ILIABJICHUSI MPOUCXOANT WHTCHCHUB-
HOe TepeMelIrMBaHue MaTepuasaoB JeKTpoaa U Mof-
JIOXXKH, TO TIOKPBITUE COAEPXKUT OOIBIIOE KOJTUIECTBO
anemeHTOB nomioxku (Fe u Cr).

MP-niokpeiTue ToNMHONK 0,8 MKM MMEET TJIOT-
HYI0O U OJHOPOIHYIO CTPYKTYpPY, B €ro COCTaBe OT-
CYTCTBYIOT 3JIEeMEHTHI MOMIOXKU. [To nanHbiM PDA,
ocHoBy nokpbiTus coctapaser I'lIK-paza (Ti,Al)C ¢
napameTpoM pemietku 0,434—0,437 HM, a COOTHOIIIE-
HHE METAJJIMYECKUX ¥ HEMETAJIMICCKUX 3JIEMEHTOB
OJIM3KO K cTexroMeTpuueckomy. Pazmep kapOUIHbBIX
3€peH, OIpeNesIeHHBIM C MCIOJIb30BaHuEeM (DOPMYIIbI
Illeppepa, cocraBui 4—6 HM.

MexaHUYeCKUE CBOWCTBA OTHEAbHBIX CJIOEB U
NBYXCJIOMHBIX TMOKPBITUM MHpeAcTaBAeHbI B Tabd. 2.
TMokpeiTHe, MoyyeHHOe MeTonoM DUJI, nmeeT TBep-
noctb H = 13 I'lla, moaynb ynpyroctu £ = 200 I'Tla
M yIpyroe BoccraHoBiaeHue W = 45 %. TBepmocTh
cranpHOM momIoxXKHU (40X), NCITOIb3yeMO B HACTOSI-
meit pabote, cocrapuna 7 I'lla. Teepmocts MP-mo-
KPBITUSI, HAHECEHHOI'0 Ha CTaJbHYIO MOIJIOXKY 0e3
OUJI-noncnos, coctasnsana 34 I'lla, a na DUJI-nox-
cioe — 29 I'Tla. HeGonpbliioe yMeHblIEHE€ TBEPAOCTU
OOBSICHSICTCSI CHUKEHUEM YPOBHSI HAIIPSIXKEHUN TIPU
ocaxaeHUuu MP-nokpbITUs Ha OJU3KUI MO COCTaBy
MOJCJION.

Ha puc. 6, 6 npuBeneHa 3aBUCUMOCTb KO3(hPULIN-
eHTa TpeHus (K,) OT IMCTaHLMHU NIPU UCTIBITAHUU MO-
KpbeITUi mapukom u3 craau 440C npu Harpyske 1 H.
OUJI-oKphITUE TTOKa3aJ0 OTHOCUTEJIbHO CTa0OUJIb-
Hblil K, co cpeanum 3HayeHuem ~0,55. [ocne npupa-
60TKM ogHocaoHOe MP-nokpeiTue umeno K, ~ 0,25.
CienyeT OTMETUTh, YTO 3HauyeHUs K, IBYXCIOHHBIX
NOKPBITUM 3aBUCAT OT HPEABAPUTEIIBHOM MHOJHUPOB-
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ku DU JI-togcios. Beicokas 1epoxoBaTOCTh MOICION
(R, = 8 MxMm) ipuBena k pocty K, 10 0,55. Oto cBg3aHO
¢ oOpa3oBaHMEM MPOAYKTOB MU3HOCA MPU UCTUPAHUU
HEPOBHOCTEH IMTOBEPXHOCTH 1 UX IIPUCYTCTBUEM B 30HE
KOHTaKTa Tpyuuxcs map. [Tocijie moampoBKY OACTOS
1o R, = 0,1 MmxM 3HayeHue K, ABYXCJIOIHOIO MOKPHI-
TUSI yMeHbINI0Ch 10 0,24. MccnenoBanne MoBEepXHO-
CTU 00paslloB IOcJie TPUOOJIOTNMUECKUX MCTIBITAHUHT
¢ nomolibio POM u onrtuueckoil nmpoduiomMerpuun
He BBISIBUJIO 3aMETHOTO M3HOCA IBYXCIOMHOTO MP—
OUJI-oKphITHS.

Pesynbrarel UMKIAWMYECKUX, YAAPHO-AWHAMUYEC-
KMX WUCIIBITAHUU TOKPBITUI IIpUBEACHBI B TaOm. 2.
CTOMKOCTh ITOKPBITHI K yIapHBIM Harpyskam oIle-
HMBaJach Mo 00bEMY JIYHOK M3HOca (BeauuuHa V' B
TabI1. 2) TIoCIIe 10° ymapoB mipu Harpyske 500 H. ITo-
KkpbiTue MP Ha cTajibHON MOAJIOXKE TOKa3aJ0 MAHU-
MaJIbHYI0 CTOMKOCTb M3-3a UHTEHCUBHOW IJlacTuye-
CKOM Ae(opMaIlny MOIJIOKKH 1 OTCIIOCHM I TOKPBITHS
B 30He nedopmanuu. Hanecenue DUJI-nmoacaos mou-
THU BIBOE YBEJMYUJIO yIAPHYIO CTORKOCTh, YTO CBsI3a-
HO ¢ IeMII(HUPYIOIIEH CITIOCOOHOCTBIO TBEPIOTO U OT-
HOCUTEJIBHO TOJICTOTO TTO/ICIIOS.

Tabnuua 2. MexaHuyeckue n TpubONOrMYeckme CBOMCTBa
NOKPbITHA

ITokpeiTHe a, E, ., K 4V’ 3
IMa | I'Tla | % T | 10" MkM
BUI 13 200 45 0,55 4,7
MP 34 320 77 0,25 9,5
MP-B5UJT - - - 0,55 0,4
MP-OWI (monup.) 29 220 75 0,25 1,5
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BoiBOAbI

1. [IpenoXeHBI KOMOMHUPOBAHHAS TEXHOJIOT S
1 o0opymoBaHUE A OCaAXIEHUS MHOIOCIOWHBIX
MOKPBITUM, COUETAIONIEe B OMHOM BaKyyMHOM TeX-
HOJOTUYECKOM IIMKJIE TTPOLECCH 3JIEKTPOUCKPOBO-
ro jgerupoBaHusi (OUJI), uMNyabCHOrO MYTOBOTO
ucnapenus (MJM) u MmarHeTpOHHOTO pacnblJIEeHUS
(MP). Annpobanus npoBeneHa Ha IPUMEpPE TPEX CH-
CTEM.

2. C ucnonb30BaHUEM KOMOMHUPOBAHHOI TEXHO-
snorun DUJI + UM Ha TutanoBoM criaBe BT-1 mo-
JIy4eHBl MHOTOCIOMHBIe TTOKPBITUSI WC—Co TOJIIu-
Hoit 6osee 40 mkM ¢ TBepaocThio 20 I'Tla u BeICOKOIT
M3HOCOCTOMKOCTBIO (CKOPOCTh M3HAIIMBAHUS B I1ape
TpeHUs ¢ KOHTpTesnoM u3 Al,O; npu Harpyske 10 H co-
crasisuna 1,410~ mm3/(Hm)).

3. Peann3oBaHa TeXHOJIOTHS KapOUIMU3allNK TUTA-
HOBOTO CIJiaBa B MJja3Me UMITYJbCHOM ayru. C momo-
IIbI0 KOMOMHUpOBaHHOI TexHosoruu SUJT + NN
C IpUMEHEHHUEM T'PaUTOBOTO 3JeKTPOIA MOTYyICHBI
MOKPBITUS TOJIIMHON 0 100 MKM C BBICOKUM COAEP-
XKaHueM KapOouaHo# ¢aspl. B 3aBuMcHMMOCTH OT mo-
JIIPHOCTH 3JICKTPOIA BEPXHUU CIIOM COCTOSI INOO 13
Kapbuaa TUTaHa, JUOO U3 OCAXAEHHOTO U3 IJIa3Mbl
IyroBoro paspsga yriaepoma. [ToKpbeITHs MoKa3aiu
koa(ppunmeHT TpeHus 0,2 U BBICOKYIO M3HOCOCTOM-
KOCTb.

4. JIByXcnoiiHble TIOKPBITHS, TOJYYEHHBIE TIO
KOMOMHMpOBaHHOU TexHonoruu MP + DUJI ¢ nc-
noab3oBaHueMm 3jekTpoaoB TiC—Ni (BHUJI), TiC—
NiAl (MP), o cpaBHEHUIO C OTIOCIbHO B3SITHIMU
MP- u DUJI-TIOKpBITUSIMHU, TTOKA3aJIU YIAYUYIIEHHBIE
TPpUOOJIOTUYECKHE XapaKTEPUCTUKU, BBICOKYIO CTOM -
KOCTb K HIUMKJINYECKUM, YIAaPHO-IMHAMMUYECKUM Ha-
rpy3KaM.

Paboma evinoanena npu punancosoii noddepoicke
Poccuiickoeo nayunoeo gponoa
(coenawenue Ne 15-19-00203-11).
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YBakaembie KoJjierun!

HpeanaraeM BalliceMy BHUMAaHHWIO HOBYIO KHUTY

®TOPUJIHBIN IEPEAEJ] B TEXHOJIOTUU BOJIb®PAMA

Astop: FO.M. Kopoes
M.: U3a-Bo «CryTHHK +», 2018. — 152 ¢. ISBN 978-5-9973-4806-9

B xHwure onucaHa MPUHIIMITMATBLHO HOBasl TEXHOJIOTUST TTPOU3BOICT-
Ba OecriopucThIX T0J1y(habpUKaTOB U TOTOBBIX M3AEIUl M3 BoIb(pama
HEJIMMUTUPOBAHHBIX Pa3MepOB, UYTO PACIIMPSIET aCCOPTUMEHT U TO-
BBIILIA€T Ka4eCTBO BhbIMTycKaeMoil nponykuuu. OTopuaHbiii nepemesn
B TEXHOJIOTMU BOJb(pama GasupyeTcs Ha IMOJy4YeHUHU rekcadropuia
BoJIb(hpaMa U ero razodazHoM BOCCTaHOBJIEGHMU BOMOPOAOM TIPU TIOJ-
HOM Kpyroo6opote ¢hTopcoaepXaiinx KOMIIOHEHTOB M BOAOPOAA, YTO
obecrneyrnBaeT 9KOJOTMYECKYI0 YUCTOTY MPOU3BOICTBA, a TAKXKE OTCYT-
CTBME PacXOJyeMbIX PEareHTOB M CKJIaJIUPyeMbIX OTXOHOB. [IpuBeneHbI
METOIMKU ONTUMU3ALUU ITPOLECCOB U alapaTypHO-TEXHOJIOTMYECKUE
peuieHus A1 MPOU3BOACTBA KPYITHOrabapuTHBIX 3arOTOBOK JIJIsl TTOCJIe-
nytoleit necopMalinm, a Takxke pa3HOOOpa3HbIX U3AENUI U3 TIJIOTHOTO
BoJIb(hpama, KOTOPbIE 3aTPYIHUTEIBHO UM HEBO3MOXKHO TTOJIYYUTh Tpa-
NUIMOHHBIMU MeToaamu. [1penaraemMast TEXHOJIOTH S TO3BOJISIET 3HAY U -
TeJIbHO CHU3UTh Ce0€CTOMMOCTD BHITTYCKaeMol TponyKiuu. [IpuBeneHbt
(bu3rKo-MexaHUYeCK1e CBOMCTBA M0Jy4aeMoro Bosibhpama.

KHura npenHa3HavyeHa IS HAYYHBIX U MHXEHEPHO-TEXHUYECKUX
pabOTHUKOB,
M IPUMEHEHU I U3eINil U3 BoibdpaMa, a TakxKe AJIsl MpernogaBaTesieit,

3aHATBIX B 00JacTUM pa3paboTKM, TNPOMU3BOACTBA

aCIUMPaAHTOB U CTYAEHTOB METAJUIYPIMUECKUX U METaJIJOBEAUECKUX
CIELMAaJTbHOCTEN.
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MprBeneHa TEXHONOrs NOy4eHUs U3HOCOCTOMKOr0 MOKPLITUS U3 HUTPUAA KPEMHUS HA TBEPAOCMIABHOM PEXYLLEM MHCTPYMEH-
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BeeneHue

TyromnaBkue coeAUHEHMsI, CTPYKTYpPY, CBONCTBa
M TEXHOJOTUI0 KOoTophiXx uccaenonsan I.B. CamcoHoB
[1—4], aBAsI0TCS OCHOBOI ClIEYEHHBIX TBEPABIX CIIJIa-
BOB.

TBepmbie CIUIaBBI B COBPEMEHHOM TEXHUKE UMEIOT
0oJiblIIOE 3HAYEHUE, TAK KaK TPUMEHSTIOTCS B KAYECTBE
M3HOCOCTONKUX MaTepuajoB pexylliero, O0ypoBoro
M IITaMIIOBOr0 MHCTpyMeHTOB [5—18]. B HacTogiiee

BpeMs, TI0 JaHHBIM [16], BO BceM MUpe ITPOU3BOINT-
cs nopsaka 50—60 ThIC. T TBEPABIX CILIABOB, KOTOPbIE
WCTIOJIB3YIOTCS B CJIEAYIONINX OTpacisx, %: MeTanio-
obpaboTka — 22, obpaboTKa AepeBa U IJIaCTMacCc —
20, n3HococTOMKME geTaiu — 17, TopHOOOObIBaloIIas
MIPOMBIIIJIEHHOCTh — 26, GeccTpyKKoBasi o6paboT-
Ka — 9. AHaJIu3 OTeYeCTBEHHOU 1 3apyOeKHOM TuTe-
patypsl [19—37], TOCBSIIIEHHONW TBEPABIM CILIaBaM,
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MO3BOJISIET CAEIaTh BEIBOI 00 MHTEHCMBHOM Pa3BUTUU
paboT, HaTMpaBJICHHBIX HA TTOBBIIIIEHUE UX CBOMCTB.

OnuH 13 OCHOBHBIX Ty Tel NaJIbHEHIIIETO Pa3BUTHU ST
U COBEPUICHCTBOBAHMS TBEPAOCIIABHOTO PEXYIIEro
WHCTPYMEHTA CBsI3aH C UCIMOIb30BaHUEM MHOTOTPaH-
HBIX HenepeTaynuBaeMbix iiactuH (MHIT) ¢ usHoco-
CTOUKUMHU TOKPBITUSAMU. DbGHEKTUBHOCTh IMPUME-
HeHuss MHIT Bo MHOroM ompenensieTcsl MaTepuaaoM
nokpeiTusi [38—49]. EnunHbie TpeOGoBaHUSI K CBOMi-
CTBaM MaTepuaJioB MOKPHITUI OKOHYATEIbHO €Ille HE
pa3paboTaHBl, YTO OOYCJIOBJICHO HEIOJHBIM 3HAaHUEM
MEXaHU3MOB M3HOCA W TPOLIECCOB, MTPOUCXOISIIINX
MpU pe3aHuU.

OcHOBHOE TpeboBaHUE K MaTepualy MOKPbITUS —
BBICOKAST U3HOCOCTOMKOCTb, HO 3TO TMOHSTHE OTIPEe-
JIieTCSI MHOTMMU MoKa3aTeJsIMU: padodas TeMIiepary-
pa, ko3 uilMeHT TpeHusl Mpu pe3aHuu, TBEPAOCTb,
B3aUMOJIEMICTBUE C KUCJIOPOIOM U 00pabaThiBaeMbIM
MaTepuajoM, clernjeHrue ¢ ocHoBoil. Hu omuH u3
0OJIBIIIOr0 KOJIMYECTBA MPUMEHSIEMbIX cefiuac mare-
pUajoB HE YIOBJIETBOPSIET MOJHOCTHIO TPEOOBAHUSIM,
MpPEeAbSBISIEMbIM K MaTepuany NoKpbeiTUs. [ToaTomMy
paboThI B ITaHHOM HaIpaBJeHUHU MPOAOIKAIOTCS.

B HacTosileit paboTe B KayecTBE MOKPHITUS ObLIT
BbIOpaH HUTpUJI KpeMHHU: (SizN4), KOTOpBIA MO OcC-
HOBHBIM CBOMCTBaM OTBEYaeT MaTepuay MOKPBITUSI.
DTO BRICOKOTEMTIEPATYPHBI MaTepua, 00Jianatonui
KOMIUJIEKCOM LIEHHBIX XUMHUYECKUX, (PU3NYECKUX U
MeXaHMYEeCKUX CBOMCTB [4, 39], oOycClIOBIMBAIOIIUX
11eJIeCOO00Pa3HOCTh €Tr0 MCITOTb30BaHUSI B KavyecTBE
W3HOCOCTOWKOTO MOKPBITHUSI.

Lenbio paboThl SIBASJIOCH COBEPIICHCTBOBaHUE
TEXHOJIOTU YW HAHECEHU ST TOKPBITU I U3 HUTPUJA KPEM-
HUS, UCCIIEJOBaHUE €TO CTPYKTYPHI U CBOMCTBA.

MeToauka npoBefeHns 3KCNepuMeHTOB
U uccnepoBaHun

Hacrosimmast padora siBiasieTCsl IpOIOJIKeHUEM HUC-
cjeloBaHU, mpuBeaeHHBIX B [39]. B KauecTBe ncxoa-
HBIX MaTepuasoB ucnoab3oBaau crjaBel MC 321 u
MC 146 npousBoactBa «MKTC-CAHABUI» (r. Mock-
Ba). 111 HaHeCeHU s BBIOpaH HUTPUI KPEMHHUS, KOTO-
pblii B KaKOi-TO Mepe 1Mo XMMUUYECKUM, GU3NIYECKUM U
MEXaHMYECKMM CBOMCTBAM OTBeYaeT M3HOCOCTOMKO-
My Marepuaiy. ITokpsiTue Si;N, nonyyanu razodas-
HBIM ocakjaeHueM [6, 50] 1o peakKIIMM aMMOHOJIH3a
TeTpaxJopuIa KpeMHMS Ha TBEPAOCILIaBHBIC PE3IIHI.
Ha mpoiecc ocaxkaeHUST BIUSIOT TakKue (aKTOPHI,
KakK TeMIlepaTypa, IpOodoJIKUTEIbHOCTb OCaXACHUS,
CKOPOCTbH ITIOTOKA PEareHTOB M COOTHOIICHUE MEXIY

Izvestiya vuzov. Poroshkovaya metallurgiya i funktsional'nye pokrytiya = 4 = 2018

HUMHU. CKOPOCTh OCaXKICHUS W TOJIIMHY IMTOKPBITUS
OLIEHMBAJIU IO U3BMEHEH U0 Macchl 00paslia B eIUHUILY
BpPEMEHU Ha €AMHUILY TIOIIAIN TTOBEPXHOCTH pe3lia.
OnTuMaabHBIM OKa3aJcs CACAYIONIUIA PEXUM: TEMIIe-
parypa 800 £ 20 °C, cooTHoweHue SizsN, : NH; =8 : 1,
paspexeHume B peaknumoHHoi Kamepe (0,1+4,0)%
10,06 kIla, TommuHa NOKpeITUS 5—8 MKM. Iudpak-
TOrpaMMbI MOKPBITU I OBbLIY MOJYYEHBI C UCTTOIB30Ba-
HueM CuK,-uznyueHus Ha yctaHoske JIPOH-3 (HIIII
«bypeBecTHuk», I. CankT-IleTepOypr), ux pacmud-
pOBKa MPOBOAMJIACH M0 CTAHAAPTHON METOIMKE.

Pe3ynbTatbl U ux 06cyxaeHune

Hiist oripeneieHUsI CTPYKTYPHI M COCTaBa IIOKPBITHU S
OBIJT MPOBEAEH PEHTIeHOCTPYKTYPHBIN aHanu3. dud-
pakToOrpaMMBbl, IMOJIYUeHHbIE KaK HEITOCPEACTBEHHO C
00pasIoB, TaK U C OTACICHHBIX OT OCHOBHI IIOKPBITUA,
He uMesu pedekcoB o-Si3Ny (CM. pUCYHOK). DTO yKa-
3bIBa€T Ha TO, YTO OCAXKJIECHHOE MOKPHITUE SBJISECTCS
1160 aMop(dHBIM, INOO OYEHb MEJTKO3EPHUCTHIM.

C nomotipo n1uddepeHInaJlbHOI0 TEPMUUECKOro
aHaJM3a YCTaHOBJIEHO, UTO IIPU HarpeBaHUU MaTepu-
aa mokphitus 1o ¢ = 1350 °C oH He TTogBepraeTcs Ka-
KUM-T100 u3MeHeHusM. [lojyyeHHbIe TaHHBIE CBU-
JIeTEIbCTBYIOT O TOM, UTO ITPH UCCIIEAYEMBbIX YCIOBUSIX
HaHECEHMs HUTPUI KPEeMHHS OcaXIaeTcsl Ha TBEp-
JIoCMJIaBHbIe pe3libl, BEPOSATHO, B aMOP(HHOM COCTOSI-
HUU. OCHOBHBIM (PaKTOPOM, TIPUBOASIINM K OCaXKIe-
HUI0 aMOPGHOTO TTOKPHITHS, SIBJISIETCSI CPABHUTEIBHO
HU3Kasg TeMmIepaTypa MOIJIOXKHU, UTO obecreynBaeT
YCJIOBUS, MPU KOTOPBIX CKOPOCTh KPHUCTaJIU3ALUKU
HUXE, YeM CKOPOCTh OCaXXICHUS HUTPUIA KPEeMHUSI.

A//
—, /\fv
1 — |
\//\\///

IIponyckanue, OTH. €/I.

1400 1200 1000 800 600 400 v,cm '
NHdpakpacHbIe CIIEKTPHI
1 — noxkpeiTue, noxydyernHoe mpu ¢ = 800 °C
2 — kpucranaudeckuit SisNy [51]
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Yto KacaeTcs MexaHU3Ma 3apojbllieo0pa3oBaHus, TO
B IaHHOM CJIy4ae MOXHO IPEAMNOJOXUTh CIEeAYIOIIee.
ITpu Harpese SiCl, ¢ NH; o6pasyrorcst mpomexXyTou-
Hble coenuHeHus tuna SiNH,Cls, Si(NH,)Cl, u npy-
rhe MOJMMEpPHBIE MOJIEKYJIBI ¢ OOJIbIION Maccoit [S1].
M3 aux mociemoBaTeabHO ymansiorcs rpynmnsl HCI, a
COCTaB KOMILJIEKCOB npuonmxaercd K SizNy. ITocnen-
HsIsl cTaausl peakKIMyd o0pa3oBaHUSI HUTPUIA KpPEeM-
HUS IIPOUCXOIUT BOJIM3U MOBEPXHOCTH IMOIJIOXKKH KakK
HauboJiee Topsiueii 30HbI, i€ CO3AaeTCs HauboIblee
MepechillieHe Ta30BOi (ha3bl; B 3TOM 30HE DOPMUPY-
FOTCSI 3apOIBIIINA, KOTOPEIE aIcOpOUPYIOTCS TTOBEpPX-
HOCTBIO MOJTOXKU.

JInst oueHKM peXyILINX CBOMCTB ObIIU B3SIThIl MHO-
rorpaHHBIC HellepeTaurMBaeMble TLIACTUHEI 4 BUJIOB:
0e3 MOKPBLITUSA; C MOKPBITUEM SizNy; C MOKPBITHEM
Si3N, + TiC; ¢ mokpbiTueM TiC (a5t cpaBHEHUSA).

st oeHKM OEeHCTBUSI OTHCIBHBIX MEXaHU3MOB
M3HOCA TIPY pe3aHMU U BIUSHUS Ha €ro MHTEHCUB-
HOCTbh HAHECEHHOTO Ha ITOBEPXHOCTb pe3lia MOKPHI-
TUS HATPUIA KPEMHUST TIPOBOAUIN 3KCIIEPUMEHTHI,
B KOTOPBIX UMUTHUPOBAJIUCH TTPOLIECCHI, TTPUBOJSIIIINE
K M3HOCY pexylleid KpoMku pesna. Ilpu pesaHuu
TemmiepaTypa gocturaet 6oiyee 1000 °C, 3a cueT 4ero
MMeeT MECTO aKTUBHOE B3aWMOIEICTBUE TBEPAOTO
CIIJIaBa ¢ OKpYy:Kamolleil aTMocgepoii, YTO MPUBOIUT K
00pa30BaHUIO OKCUIHON TUIEHKHU. DPPEKTUBHYIO 3a-
IIUTY OT OKUCIUTEIbHOIO U3HOCA MOXET 00€CIeUunTh
IMOKPBITUE C BBICOKOM CTOMKOCTBIO K OKUCJIEHWUIO.
HanbGonpliyo CTORKOCTh K OKHCICHHIO ITOKa3alin

Tabnuua 1. KoagppuumeHT TpeHns no cranm

Martepuan pesia KoadduumeHt TpeHust
Tsepnblii cruiaB 1,55
Tsepasiii crutas ¢ TiC 1,32
TBepabIit craB ¢ Si3Ny 0,96

IUIACTUHBI, TOKPBITHIE HUTPUIOM KPEMHUS C TOMI-
clioeM KapOuaa TUTaHa TOJIIMHON 2—3 MKM. B akc-
TIepUMEHTAX MO U3yUeHU 0 AU Py3un MexX 1y TBepao-
CILUIAaBHBIMU TJIACTUHAMU U YYTYHOM OBIJIU MOJYUYEHbI
KOHIIEHTpallMOHHbIe KpUBble pacrnpeneneHus W, Co,
Fe, C. [TokpeiTe HUTpHUAA KPEeMHUS TOJIINHON 88—
10 MKM MOJIHOCTBIO MpeAoTBpaliaeT B3auMHYI0 1Ud-
(by3uio Mex 1y TBEpABIM CIJIABOM U UYTYHOM.

Bo3HUKHOBEHUIO MeTacTabuabHOW aMOp@HOIA
CTPYKTYpbl MpPU KOHIEHCAUMHW HUTPUIA KPEMHUS
CIIOCOOCTBYET CUJIbHAsl KoBaJieHTHas cBsi3b Si—N B
Mozekyne SizN,. OHa oGecriednBaeT 3HEPreTUIECKU I
MUHUMYM MOTEHI[MaJIa B3aUMOJEUCTBU S, BOCHOBHOM
MpUcCoeAMHEHUEeM OnuXkaiimmux coceneil. AMopdu-
3al[MU MOXET TakXe OJarompusTCTBOBATh HAJTWUUeE
MPUMECHBIX aTOMOB, OCJIOXHSIOIIUX BO3MOXHOCTh
MepeCcTPONKHU CTPYKTYPHI B KPUCTATINYECKYIO.

ANre3noHHOE B3aMMONEWCTBUAE CO CTablo, TIPO-
SIBJSIONIEECS B SIBJEHUU CXBaTbIBAHUS WHCTPYMEH-
Ta U oOpabaThIBacMOro MaTepuaja, OLIEHMWBaJIU IO
WHTEHCUBHOCTU B3aWMOIECHCTBUS, KOTOPYIO MOXHO
0XapakKTepu30BaTh BEIUUYMHOU KoadhbUIIMEeHTa Tpe-
HUSI, BO3HUKAIOUIETO MEXIy WHCTPYMEHTOM U 00pa-
O6aTeIBaeMoil meranpio [52]. PesymbraThl mM3MepeHHU
MpUBEACHBI B Ta0.1.

UccnenoBanust TpOYHOCTH CUETIJICHUST TOKPBITUS
C OCHOBOW MPOBOAWIU C TMOMOIIbI0 MUKpPOAHATN3a-
topa «Comeca» (PpaHIMs) TT0 KOHIEHTPAIIMOHHBIM
KPUBBIM pacrnpeneyieHus a1eMeHToB [37]. Pe3yabraThl
MO3BOJIMJIN CHENATh BBIBOL, YTO MEXAY MOKPBITUEM
U3 HUTPUIA KPEMHUS U OCHOBOW MMEET MECTO UM-
CTO aAre3nuoHHoe B3auMopneilicTBue. Ero mpoyHocTs,
OTIpe/IeJIeHHAsT TI0 METOMY CKOJB3SIIETO WHICHTODA,
oKaszajach 3aBUCUMOI OT TOJIIMHBI MOKPBITHS. Mak-
cuMaibHasl cujia aare3uu cocrapiasiaa 0,41 H (42 1)
MTPU TOJ U HE MTOKPBITHS 6—8 MKM.

s oueHku pexyuux ceoiicte MHII 6b111 ocy-

Tabnuua 2. PeaynbTaTbl UCNbITAHMIA TBEPAbIX CMJIABOB C K3HOCOCTOMKUMM NOKPLITUIMM

Marepuan MHII Qlejpelserreen T H3Hoc, MM CTOMKOCTh, MUH Koa(binHHeHT
marepuan CTOMKOCTU
MC-321 0,8 11,4 1,0
MC-321 + SizNy YyryH 0,8 35,8 3,1
MC-321 + TiC + SizNy CY 28-48 0,8 60,0 5,1
MC-321 + TiC 0,8 21,0 1,9
MC-146 0,8 18,0 1,0
MC-146 + SizNy 0,8 53,3 2,8
) . Cranb 50

MC-146 + TiC + SizNy 0,8 99,6 5,0
MC-146 + TiC 0,8 37,5 1,9
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Tabnuua 3. PesynbTaTtbl 3aBoAckux ucnbitaimiit MHIN n3 cnnasa MC-321

No ombiTa CTOIKOCTh, MMH CpenHuit U3HOC, MM Koadbdunmenr croitkoctn Pexxum pezanmst
[MoxkpeiTue SizNy

1 50,1 0,85 1,68
2 53,8 0,73 1,72
3 53,0 0,80 1,70

CkopocTb — 85 M/MUH
4 54,0 0,69 1,72

IMonaua — 0,3 06/MuH
5 57,0 0,67 1,89

[ryouna — 5,0 MM
be3 mokpoeiTus
1 30,0 0,90 1,0
2 31,8 1,60 1,0
3 30,5 1,35 1,0
ITpumeuanue. OdpabaTbiBaeMblii MaTepuan — cepblii uyryH CU-32-52 (230—250 HV).

Tabnuua 4. Pexywue csoiictea MHIN n3 cnnasa MC-321

No IMoxpeiTre CTOiKOCTh, MUH W3Hoc, MM KoadbdummeHt croitkoctn Pexum pezanus
1 Be3 mokpeiTus 7,6 0,81 1,0
Ckopoctb — 150 M/MUH
2 TiC 19,5 0,50 2,6
) IMongaua — 0,2 06/MuH
3 SizNy 29 0,55 3,75
) . ybuna — 1,0 Mm
4 SizNy + TiC 30 0,53 3,85
1 Bbe3 mokpeiTust 6,0 0,5 1,0 CkopocTtb — 200 M/MUH
2 SizNy 14,5 0,5 2,1 IMomava — 0,2 06/MUH
3 TiC 13,0 0,5 2,0 [ryouna — 2,0 MM
[Mpumeuanue. O6padaTbiBaeMblii MaTepuan — cepblii 4yryH CY-32-52.

LIECTBJEHBl UCIBITAHUSI B COOTBETCTBUU C METOIM-
Koit, uznoxeHHoit B OCT-48-99-76 [33]. TomiuHa
noacnos u3 TiC coctaBnsyia 3—4 MkM. Pe3ynbratsl
WUCIBITAHUI MPUBEAEHBI B TA0I. 2.

[To mOroBOpeHHOCTH ¢ MHCTPYMEHTAJBbHBIMHU TIpEe/-
npustusamu IMoagmockoBbst 1 BHUUTC (r. MockBa)
OblIM TIPOBENEHBl MCIIBITAHUS PEXYIIMX CBOWCTB
MHII ¢ noKpHITUSIMU, pe3yJabTaThbl KOTOPBIX IIPUBE-
JIeHbI B Ta01. 3, 4.

3aknio4yeHue

IIpoBeneHHbBIC McCaenOBaHUS MTOKa3aau, YTO IO-
KPBITUSI M3 HUTpUZA KPEMHUS Ha TBEPAOM CILJIaBe
aBasitoTcs aMop@HBIMU. CTPYKTYpPHOE COCTOSIHUE
MOKPBITUS 3aBUCUT OT PEXXKUMOB ocaxkIeHus. Pe3yib-
TaThl MCIBITAHUN PEXYIIUX CBOMCTB PE3LOB C IIO-
KPBITUSIMU CBUIIETEIBCTBYIOT O BO3BMOXHOCTHU UX UC-
MOJIb30BaHUS TIpU 00pPabOTKE pe3aHMeM pa3IMYHbIX
JIeTaJIen U3 CEPOro YyryHa u CTaJici.
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My Guide Professor G.V. Samsonov: Memoir

G.S. Upadhyaya

Consultant, formerly Professor of Indian Institute of Technology, Kanpur

Plot 37, Lane 17, Ravindrapuri Colony, Varanasi 221005, India

E-mail: gsu@iitk.ac.in

It was September, 1966, when 1 was informed by
the Ministry of Education, Government of India, that
I have been selected under Indo-USSR Exchange Prog-
ram for higher studies and research in USSR. I was in
darkness as to where I shall be placed after reaching
Moscow. After arriving at Moscow in October 1966 and
staying for two days, I was told to proceed to Kiev, the
capital of Ukraine, to join Kiev Polytechnic Institute
(now National Technical University of Ukraine). I had
no knowledge of Russian language and the Secretary of
the Dean of Foreign Students of the Institute welcomed
me at the Railway Station. It is accidental that while
employed at the University of Roorkee, India on its Me-
tallurgical Engineering Faculty, I used to receive the in-
formation about the English translated Russian scienti-
fic books published by Plenum Press, New York. There
I first noticed the name of Professor G.V. Samsonov and
his vast literature on refractory compounds. I was struck
and correctly thought that he is an eminent Soviet ma-
terials scientist. My enquiry with the Dean Office con-
firmed that he is part-time associated with the Depart-
ment «Powder Metallurgy and Rare Metals» as its Head.
My request to meet Professor Samsonov was readily ac-
cepted by the Institute and an appointment was fixed.
Few days back in the Institute book shop, I noticed in
the paperback Proceedings of the Faculty of Mechanical
Technology, a paper by Professor Samsonov on refracto-
ry carbides. I could understand the gist from the English
abstract of the paper. I bought the book and showed the
article to Professor Samsonov suggesting that my re-
search interest lies on similar type of material. Professor
Samsonov accepted me in his department and next day
sent a bunch of papers on refractory carbides in English
and Russian for my study. After three months of rigorous
training in Russian language, I had to deliver a semi-
nar about my research carried out at the University of
Birmingham on early transition metal hydrides. In Kiev
I selected to research on the properties of Nb—Ti, Nb—Zr
alloy mono-carbides in their homogeneity range. Sam-
sonov was a hard task master and inculcated the habit of
deep thinking on the results of the investigations. From
the properties, he was not limited to only one property,

but a series of properties: mechanical, electrical, mag-
netic, and thermal etc. He was strong proponent that the
core of all properties are the same the electronic struc-
ture and bonding in the concerned material.

Samsonov encouraged his research students to write
papers based on their investigations. This practice na-
turally helped us in polishing our research directions. In
those days all research students used to submit their pa-
pers to the guide in hand written form and in return it
was impressive to see the corrections/suggestions in red
ink. He never reprimanded, but insisted that the mis-
takes done once must not be repeated. This kept all of
us on our toes. Gradually the situation improved and
he was satisfied by my first version of manuscript with
minor corrections. His memory was sharp and he was a
keen watcher.

In the Summer of 1968, I travelled to Austria to
present our research paper on refractory carbides in the
famous 6th International Plansee Seminar. Professor
Samsonov was to receive the prestigious Plansee Plakat
in the inaugural session. He could not attend the Semi-
nar due to unavoidable circumstances and on his behalf
the award was received by Dr. Ribalchenko of Baikov
Institute of Metals, USSR Academy of Sciences, Mos-
cow. The citation was read by Professor H.H. Haus-
ner of USA. I defended my Ph.D. thesis in June, 1969.
It was nice to hear the praise from my supervisor Pro-
fessor Samsonov in public. The external examiner was
Dr. K.I. Portnoi of Institute of Civil Aviation Mate-
rials, Moscow, who along with Samsonov had published
a book entitled «Alloys based on refractory compounds»
(Publisher: Oborongiz, Moscow, 1961). The Internal
Examiner was Dr. G.N. Makarenko of IPMS, Kieyv.

Soon after my getting the Ph.D. degree, Professor
Samsonov proposed me to write a book on Materials
Science of Refractory Carbides. I promptly accept-
ed it with a condition that he has to be a co-author,
which he accepted gladly. Later, he suggested to include
Dr. V.S. Neshpor (Saint-Petersbug State Institute of
Technology), his past student at Kiev, as an additional
co-author. I accepted his suggestion. It was the Summer
of 1968, when Professor Samsonov invited me to visit his
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Dacha at Irpen, a suburb of Kiev in the country side.
After the lunch, he gave me a bundle of reprints on re-
fractory carbides, which he had in his personal library.
I was aware of some of those, particularly the English
ones. My job was relatively easier as I had done extensive
literature survey for my thesis. I whole time devoted my-
self in book writing and the first typed version was sub-
mitted to him after few months just before my departure
from Kiev to India in December 1969, where I had to
join the University of Roorkee as an Associate Professor.
Dr. Shluko of KPI was a good facilitator in getting my
hand written manuscript typed in the Institute. From
my working place in India, we were in constant postal
communication. Ultimately, our collective effort came
in form of book in Russian «Physical Materials Science
of Carbides» published by «Naukova Dumka», Kiev in
the year 1974. At the back of the book it was mentioned
that 1250 copies were printed. Later I came to know that
Professor Samsonov specially purchased few copies of
the same and sent to me in India. The book had excel-
lent reviews in the prominent scientific journals of the
world. Our letters used to have scientific discussions. He
regularly sent me relevant scientific books in Russian
spending his own money. I later came to know that the
packets were delivered to post office by his wife. It is pity
Professor Samsonov died prematurely in the very next
year at the age of mere fifty eight years. The whole scien-
tific community grieved.

Samsonov did contribute a lot in strengthening
the International Institute for the Science of Sintering
(IISS), which had its Head Quarters at Serbian Academy
of Art and Science in Belgrade. The General Secretary
of the institute was Academician M.M. Ristic. Professor
Dragon Uskokovic in his memoir published in the cur-
rent issue has thrown sufficient light. I am proud to be
the receipient of the Samsonov Prize instituted by IISS
in the year 1993 for the best paper published in the Jour-
nal Science of Sintering.

I joined the famous Indian Institute of Technology
as full professor in the area Powder Metallurgy in the
beginning of 1976. It is pity Samsonov could not know
about my new position. After his death, I attended the
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International Powder Metallurgy Conference organised
by Professor Fedorchanko of IPMS at Kiev in the year
1977. It was the occasion I met Samsonov’s wife Na-
dezhda Aleksandrovna at her residence to convey my
personal condolences. I also paid homage to the Baikove
Cemeteray, Kiev where he was buried. This was my last
visit to Kiev.

The Institute of Materials Science Problems of
the National Academy of Sciences of Ukraine at Kiev
did organise International Conferences in memory of
Professor Samsonov, primarily being in the years 2008
and 2018. The Proceedings of the conferences speak
a lot on the continuation of research, in which past
colleagues and students of Professor Samsonov con-
tributed so significantly. I am in particular proud to
be the recipient of Samsonov Award instituted by the
Ukrainian Materials Research Society, Kiev for the
year 2013. So, I am lucky to be a part of two awards in
the name of G.V. Samsonov.

In the year 2001 I retired from the services at IIT,
Kanpur and got engaged as consultant. In the year 2012,
I established an Endowment International Lecture Se-
ries in the area of Inorganic Materials in memory of
my teacher Professor Samsonov at the Indian Institute
of Technology, Kanpur. The lecture is an annual event,
where eminent speakers from abroad and India partici-
pate alternately. The inaugural lecture was delivered
by Profesor E.J. Mittemeijer, Former Director of Max
Planck Institute for Materials Science, Stuttgart, Ger-
many in the year 2012. Another lecture was by the good
friend of Professor Samsonov, late Dr. Rostislav A. An-
drievskii (2014) of Institute of Chemical Physics, Cher-
nogolovka, Moscow.

Onthe Centenary of this great scientist Samsonov, we
all remember him with gratitude and reverence. About
his scientific contributions, I have briefly penned down
separately (refer Poroshkovaya Metallurgia, 2018, No.
1/2, P. 12—16; English translation in «Powder Metal-
lurgy and Metal Ceramics», http://link.springer.com/
article/10.1007/s11106-018-9950-8).

Another account is published in the current issue in
the paper authored by V.Yu. Dorofeev et al.
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Erik Navara
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Na Clunku 21, CZ-586 01 Jihlava, Czech Republic
E-mail: eriknavara@gmail.com

In the year 1956 I joined the recently established Labora-
tory of Metallurgy, at that time a small Institute of the Slovak
academy of sciences, located in Kosice. The first research
projects we oriented toward powder metallurgy, as that tech-
nology was already established in a Slovak plant, that time
called Kovohuty Mokrad. Our team gradually made contacts
with related research institutions in countries, belonging to
the «socialist block», obviously our first priority was to seek a
partner in the Soviet Union.

Our choice turned out to be the Institute located in Kiev,
Ukraine, by name «Institute of Powder Metallurgy and Spe-
cial Alloys» (1955), where research, far exceeding our capaci-
ty, was well established. In 1964 the Institute was renamed
as «Institute of Materials Science Problems». After the death
of its Founder Director Academician I.I. Frantsevich, his
name was prefixed to the Institute. We were reading with
utmost interest publications in Russian, which the Institute
provided us with. It was in that connection I began to know
of Professor Samsonov.

Our Director, Professor J. Kubelik, was the first to visit
the Institute in Kiev and came back with much enthusiasm
about the research in progress and he was very much im-
pressed by the work of Professor Samsonov as well as by his
personality. Kubelik asked Samsonov how did he manage
to work so hard, as his research results and publications
were awe inspiring. This is Professor Samsonov’s reply: You
know, my friend, I have a young wife. In the evenings I send
her to bed and then I can work undisturbed. Samsonov’s
sense of humor was also a lovable feature of his personality.

In 1962 the Slovak Academy of Sciences arranged the First
International conference on powder metallurgy. It took place
in Smolenice Castle near Bratislava and there I met Professor
Samsonov for the first time in person. I used this opportunity
to discuss with him some problems I had encountered in my
research and was overwhelmed by his detailed knowledge of
all aspects of powder metallurgy and related topics.

Later I read and studied several of his publications and
was looking forward to an opportunity to travel to Kiev and
visit his institute. Unfortunately my wish was never fulfilled
and in 1968 I left the Institute in Kosice and moved to Gothen-
burg, Sweden, where I became visiting scientist at the Insti-
tute of Metallic Materials of Chalmers University of Tech-
nology. I informed Professor Samsonov of my new work-
place and our correspondence continued. He sent me a long
letter containing his views and ideas on the electronic struc-

ture of elements, alloys and compounds, presently known as
the configurational model of matter. I informed my superior,
Professor Hellmut Fischmeister, of this correspondence and
he immediately asked me to give a seminar talk on that to-
pic. The seminar was attended by several scientists, including
the professor of physics, and ended with a lively discussion,
as the content of my talk was considered highly novel and,
possibly even somewhat controversial. In 1968, there existed
several theories within the frame of metal physics, and jour-
nals were full of discussions among scientists.

My last meeting with Professor Samsonov was in 1971
at Herceg Novi at one of the Round Table International
Meetings on Sintering, arranged by Professor Ristic of
that-time in Yugoslavia. He listened to my presentation
and later we discussed my research at Chalmers, Gothen-
burg, which was oriented toward investigating the rate of
coarsening of oxide particles (Ostwald Ripening) in steels
with various alloying elements. Samsonov pointed out to
me the need of applying thermodynamics, in addition to
the kinetics of the process, and his advice and comments
were very valuable. I was much impressed by his capabi-
lity to understand problems right on the spot, as well as to
suggest ways how to solve them.

In the year 1970, I met his former Indian Ph.D. scho-
lar Dr. Gopal Sh. Upadhyaya at the International Powder
Metallurgy Conference organized by American Powder
Metallurgy Institute in New York at Waldorf Astoria Ho-
tel. Unfortunately Samsonov could not make up to join
the conference. Soon after the scientific presentation by
Upadhyaya, I remembered to send to Samsonov a beauti-
ful picture post card by air mail with our joint signatures.
[t is gratifying to see Gopal as the joint editor of this Special
Memorial issue in honour of Samsonov.

Years later I learnt that Samsonov’s theory was published
as a book (in Russian) with title: «Configurational Model of
Matter» with coauthors of his two former students I.F. Pryad-
ko and L.F. Pryadko. This was published by «Naukova Dum-
ka», Kiev in 1971. The book later got translated into English
and published by Consultants Bureau, New York, 1973. It was
fortunate that Samsonov saw the good reviews of the book be-
fore his untimely death in December, 1975. The book then
became an internationally recognized achievement in phy-
sics of solids.

I will always remember Professor Samsonov as a great
scientist and a very likeable person.
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Scientist of the World

Dragan Uskokovic

International Institute for Science of Sintering, Belgrade

Formerly Director, Institute of Technical Sciences of SASA, Belgrade, Serbia

E-mail: uskok@itn.sanu.ac.rs

I met Grigorii Valentinovich when, full of enthusiasm
but almost without any experience, I started going along
the path of science. For me, up to then, he had been only a
name on the covers of the books I studied from, a scientist
of world reputation who had often heard of. He seemed to
me as a legend. I imagined him to be an aloof and whim-
sical scientist who spent his time alone or with a narrow
circle of his closest collaborators. He proved to be very
down-to-earth with a great appreciation for humanity.
I was astonished with the way he received me for the first
time in Kiev — simply as a colleague equal to himself. We
chatted as friends as he gave me ideas of what may interest
me and direction on how to proceed further. As known,
only great men can be unobtrusive with their know-
ledge.

He was a person who seemed to accept no barriers, no
matter the challenge. He worked long and hard, somehow
defying Nature itself.

I recall how vividly he discussed the chance existence
of life on Earth during his last stay in Herceg-Novi in 1975.
The causes of the battle between progress and entropy, ine-
vitably extending in the world and encircling us directly,
and on the life defying the flow of ever increasing entropy.
It seems to me now he fully understood that only a man
aware of the coming end of his physical existence can com-
prehend the evidence of life. However, a volcano of opti-
mism went boiling in him. Intellectual pessimism, so cha-
racteristic for us, Slavs, was alien to him. His love for science
was passionate. He believed that science should not be a
kind of property of narrow circle of people anxious to fulfil
their wishes for personal intellectual delight, self-satisfaction
and ambitions, but it should be applicable to practice, serv-
ing mankind. He was the great advocate of the «technoli-
zation of science». During our discussing the last version of
the monograph «Activated sintering», he said: «Well, well,
everything is OK. Yet we should add a final chapter dealing
with practical aspects of activated sintering in order to make
everyone understand for what the monograph was written,
and this should be the crown of everything».

Samsonov was an excellent lecturer. As we often met
each other at scientific conferences, I can evidence how
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he succeeded in turning dry texts, written according to
the strict criteria of science, into interesting and fruitful
passages of sprinkling ideas. With his witty remarks he
could freshen up tired listeners; with his deep thoughts he
revealed the secrets of the most difficult problems; with
his futuristic prognoses he aroused the imagination of
both of those just started going along the path of science
and of scientists of world reputation. President of the Ser-
bian Academy of Science and Art Professor P. Savich said
after Samsonov’s lecture delivered in Belgrade in sum-
mer 1975: «I cannot say this is the best lecture I have ever
heard. The best does not exist. But believe me that update
I haven’t heard any better and more interesting than this
one». It is therefore no wonder that his reports were com-
pared with poetry.

Sometimes it seems to me that he was closely familiar
with every field of science and technology. He was always
willing to go on discussing things outside the conference
hall, in a garden or in a bar. He never made any diffe-
rence between people of high scientific reputation or fresh
researchers. To talk with the latter seemed to give him
greater pleasure. He had subtle tact and was ready to lis-
ten to silly ideas of junior researchers-enthusiasts without
any superior ironical smile.

In his free hours, after long tiring reports and discus-
sions, he ceased to be a scientist and turned into a won-
derful talker, a witty and, above all, interesting person
ready to sing and dance. He was an excellent imitator,
as he was a deeply observant man. I remember his toast
to all Yugoslavian colleagues-lecturers at the summer
school «Materials in Electronics» (1975) accompanied
with imitating the characteristic movements and traits
of each of them. There was lot of «teasing» in that, but
nothing malicious.

Samsonov was an enthusiast for science, which he ap-
preciated as much as life itself. He loved his Motherland
deeply and truly, and part of his love was given to Yugo-
slavia. He loved honest, intelligent and diligent people,
no matter what part of the globe they belonged to. He was
a citizen of the world. And as such, he will remain in my
memory.
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Congratulation on the publication of the special is-
sue of the journal «Powder Metallurgy and Functional
Coatings» commemorating the 100" Birth Anniversary
of Professor G.V. Samsonov. When I started my career in
powder metallurgy in 1966 after graduation from met-
allurgical department of Tohoku University, the name
of «Samsonov» had been well known by the powder me-
tallurgists and ceramists in Japan because of his many
papers published in the Soviet Powder Metallurgy and
Metal Ceramics (English-translation of Poroshkovaya
Metallurgia). At that time, the Japanese metallurgical
community was moving from German-style approach
based on the phase reactions and phase equilibria to-
wards the research style of England and USA which is
based on a more atomistic view point. Researches in
sintering metal powders rely on the mass transport the-
ory based on the atom diffusion which was proposed
and led by G.C. Kuczynski. The sintering of metal
powders was my first research topic and naturally I fol-
lowed the trends. But at the same time in reading the
papers of Prof. Samsonov and his school I felt, though
vaguely, that his approach is something important for
the true solution of the metallurgical problems. In 1987
I proposed, with Dr. Masayuki Niino of National Aero-
nautical Laboratory (Now JAXA, Japan) and Professor
Toshio Hirai of IMR, Tohoku University, the concept of
Functionally Graded Materials (FGMs), which was in-

tended to add the stress-relief function to the super-heat
resistant materials for the nose cone and the air intake of
the space plane which are subjected to the aerodynamic
heating during re-entry into the atmosphere. A graded
layer between heat-resistant ceramic and metal support
is proved to be effective to alleviate the thermal stresses
generated during cooling and will give integrity in the
material as a whole. Many papers have been published
on FGMs and the application field is enlarging, however,
their scientific and technical base is still remaining in
the rule of composites, and their crystal chemistry and
electronic structure are remained unsolved. Including
graded thermoelectric and piezoelectric materials, the
gradient functions should be reconsidered by Samsonov
approach. I, myself, have had no opportunity to meet
Prof. Samsonov, but when I was nominated as a full
membership of the IISS in 1981, awarded the Kuczyn-
ski diploma, and attended the Herzeg-Novi meeting,
I could get in contact with people of Samsonov school
with empathy. I have known only recently that Prof.
G.S. Upadhyaya was a student of Prof. Samsonov,
though we meet often at international conferences of
powder metallurgy. His son, Dr. Anish Upadhyaya is
also known in Japan as an active young powder metal-
lurgist. I enjoy desk work after retirement from Tohoku
University in 2004, in reading papers and writing arti-
cles on powder metallurgy.
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